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Summryx

The electro-optic sampling system developed under AFOSR contract no. F49620-85-(X)16

has been the workhorse for high speed measurements made in this lab. This report documents the

continuing effort to improve this tool and highlights its most recent uses. In addition, we report

the development of a time-lens, a new tool gives us electronic control of the shape of optical

pulses.

Improvements to electro-optic sampling have been pursued in two areas, new techniques

and new pulsed laser sources. In the area of new techniques, the idea of -"slow optics - fast

electronics", which uses a CW laser and high speed electrical receiver instead of a pulsed laser,

has been explored. A slow opLicb systea consisting of a 1.5 um laser diode and erbium doped

fiber amplifier has been constructed and used to make electro-optic tests on GaAs circuits. It

appears that the measurement sensitivity using this apnroach is not as good as originally believed,

and is inferior to that possible with the original technique.

Our work towards an optical synthesizer, a broadly wavelength tunable and precisely

controlled laser source has ended because of problems obtaining the fundamental building blocks

of our proposed system.

In the area of new sources two ideas have been studied. The first is the use of erbium

doped fiber lasers to produce short optical pulses, and the second, and more exciting is the

development of a "time-lens" to control and focus the temporal shape of optical pulses.

The development of a time-lens has opened up a new field of research. It is a tool to

electronically control the temporal characteristics of optical pulses just like glass lenses control

the spatial characteristics. Our results to date include the creation of 7 ps pulses from a CW laser,

active focusing (compression) of 55 ps pulses down to 2 ps, and demonstration of the time-

reversal properties of time-lenses.

A PhD thesis detailing the Stanford time-lens and pulse compression experiments is

included as an appendix.



REPORT

The electro-optic sampling system as a useful tool

The electro-optic sampling system has been used as a key tool in several research

projects done by our group. It continues to be the workhorse for the majority of our high speed

measurements. Several students are using the system to excite and measure the turn-on

characteristics of short gate length MODFETs. Another student used the system to develop a

high speed photodetector and microwave detector to build all optoelectronic autocorrelator. This

system can replace conventional optical autocorrelators using second harmonic generation to

measure short optical pulse widths down to 2 ps.

New Techniques for Electro-optic testing

In order to build a more commercially practical electro-optic testing system, a new

technique was pursued. This technique is a "slow optics - fast electronics -' approach. In the

conventional "fast optics - slow electronics" electro-optic sampling system, short optical pulses,

and a slow photodetector are used to measure the GaAs circuit waveforms using equivalent time

sampling. The drawback to this system is the complex laser needed to generate the short pulses.

In the new approach, a simple, commercially available CW laser diode is used to probe the circuit

under test. The laser is modulated directly by the circuit waveform, and the modulation is

detected by a fast photodiode and electrical receiver. The advantage of this system is that it is less

complex, and all components are commercially available. It was seen as a way of making electro-

optic testing commercially feasible.

To test this idea, we built an electro-optic testing system around the laser diode and fast

receiver. A key component to this system is an optical amplifier to boost optical signal level

before photodetection. We built an erbium doped fiber amplifier with greater than 30dB of

optical gain and good noise performance. The system was tested with an electrical spectrum

analyzer as the electrical receiver. This would allow spectrum or frequency domain



characterization of the circuit under test. Such a receiver is characterized by a small electrical

filter, so that the received noise level is minimized. The system performed as expected, with a

bandwidth of 22GHz, limited by the photodector and spectrum analzyer used as the receiver.

The more interesting type of system, and the type we have with the traditional approach, is

one in which the time domain is measured. To build such a system, we used an electrical receiver

which uses a sampler to measure the time domain. The fundamental problem to this type of

system, and the one which prevented our system fron working as originally hoped, is the

increased receiver noise level in the sampling electrical receiver. The sampling receiver has an

equivalent noise bandwidth which is many times larger than the noise bandwidth of the spectrum

analyzer. This increased noise level overwhelms the received signal. Without major changes to

the commercial sampling receiver, this approach to electro-optic sampling simply will not work.

Our work has lead us to the conclusion that the sampling process should be done with

optics, rather than with electronics. While both techniques rely on mixing between the sampling

pulses and circuit waveforms, there is a distinct advantage to doing this mixing in the optical

domain. In the electrical sampling approach, the circuit waveform is imprinted on the CW laser

beam. The sampling is done after the light beam has been detected; the photocurrent has an AC

component proportional to the circuit voltage. The electrical sampling pulses turn a sampling

bridge on and off to downconvert the frequency of the high speed fluctuations to a lower

frequency. The key is that the sampling bridge is passive: the diodes in the sampling bridge are

either conducting or not conducting. When the diodes are conducting, the RF line is connected to

the IF line. The voltage on the IF side of the sampling bridge is never more than that on the RF

side, and in practice is lower because of losses. Therefore, the amount of signal power converted

to the IF side is proportional to the amount of time that the sampling switch is closed. The longer

it is closed, the more power is transferred to the IF port. Since there is always a finite amount of

noise in the IF circuitry, the signal to noise ratio at this port is proportional to the amount of time

that the switch is closed. To get high time resolution, however, the switch should only be -n for a



small amount of time. This is the fundamental limitation of sampling in the electrical domain:

time resolution is maximized at the expense of signal to noise ratio.

The story is different when sampling in the optical domain. Here, the pulsed laser is

modulated by the circuit voltage. The AC component of the detected photocurrent is proportional

to the average optical power, and is independent of the pulse duration or repetition rate.

Therefore, we can get more signal power by increasing the average optical power, and not suffer a

loss in time resolution.

We conclude that in electro-optic testing systems, high time resolution measurements

should be made by sampling with pulsed laser sources, rather than by sampling electrically.

Later, we discuss a new measurement technique which may combine the high time resolution of

electro-optic sampling with high spatial resolution.

New Sources

We pursued two ideas to find new pulsed laser sources. The first was to build a pulsed

laser source by modelocking an erbium doped fiber (EDF) laser. These EDF lasers could serve as

compact pulsed sources at the 1.5 micron wavelength. We first characterized the pump

absorption and gain of a heavily-doped EDF using a Ti-Sapphire laser and then assembled a one-

meter-long EDF with a I(X) mW, 980 nm pump diode laser. We achieved a 35% input coupling

of pump light into the fiber, resulting in a CW output power of about 2 to 3 mW for a simple

linear-cavity laser design. We proceeded to investigate other configurations such as those

incorporating a fiber loop reflector. For optimal performance and large bandwidth, we discovered

that fusion splices and a ring laser design were needed to minimize reflections. For our first

efforts at mode-locking, we designed and developed a bulk-crystal LiNb03 piezo-electric strain-

optic (PESO) optical modulator. The PESO modulator could be operated at an acoustic resonance

ranging from 1 to about 100 MHz and gave a maximum modulation of 10% for 1.55 micron

light. For higher-speed mode-locked operation, we used a commercial 3-GHz integrated Mach-

Zender fiber modulator. We generated 30() ps pulses at a 5(X) MHz repetition rate using a 14 m-



long, all-fiber ring laser (13.6 MHz fundamental resonance). The total average output power was

about 1 mW.

The more interesting and fruitful approach to new sources led us into a new field of time-

lenses.

Time Lens

We have developed a tool which gives us electronic control over the temporal shape of

optical pulses, much like a glass lens allows us to control the spatial shape of optical beams. This

type of control has not been previously available, and should open a new field of research as all

the capabilities of such a system are explored.

The theoretical basis for this type of system is the fact that the differential equations which

describe propagation and diffraction of light beams are similar to those describing the dispersion

of light pulses. This similarity has been known since the 1960's and led Kolner to complete the

analogy between spatial diffraction and temporal dispersion. This analogy can be extended to

include spatial lenses and time lenses. In this case, the temporal analog of a spatial lens ( which

provides a spatially varying phase shift ) is a phase modulator ( which provides a time varying

phase shift. ) It is relatively easy to build a strong spatial lens by grinding a more rounded glass

surface. This results in many radians of phase shift across the face of the lens. It has been very

difficult, however, to build phase modulators with much peak phase shift. The key to .ur work

was the development of a new optical phase modulator which provides 13 radians of phase shift

for 1W of microwave drive power.

The details of the space-time analogy and construction of our time lens are in the included

Ph.D. thesis by Asif Godil, and are only summarized here. Our time lens is an optical phase

modulator operating at 5.2GHz, producing a peak phase modulation of 13 radians for a

microwave drive power of IW, and 50 radians for 13W of microwave power.

After developing the time lens, we did experiments to confirm the analogy between space

and time. We did the same operations on optical pulses that are done on spatial beams: focusing



and magnification. In the time domain, focusing a long pulse yields a short pulse, and magnifying

a pulse with a single time lens yields a longer, time-reversed pulse.

We were able to focus the 55 ps pulses from a modelocked Nd:YAG laser to 6.7 ps with

IW of microwave drive power, and 1.9 ps with 13 W of microwave power. These numbers match

the calculated temporal resolution of the system. The focused pulse results are shown in Figure 1.

The time lens can also be used to create a pulse train from CW light. When used this way,

the sinusoidal phase modulation can be thought of as a series of positive and negative time lenses,

occurring at twice the microwave drive frequency. Since only the positive lenses can form pulses,

the pulse repetition rate is the microwave drive frequency. With this technique, optical pulses can

be generated from a CW laser without loosing average power. In addition, the method is stable;

since there is electronic control of the light. The results are easily predicted by simple theory,

unlike laser modelocking, which still is largely an art form. Our results are shown in Figure 2.

The pulses repeat at the 5.2 GHz microwave drive freqi;ency. The measured pulse width is a

detector limited 20 ps. The theoretical pulse width is 6.7 ps.

When focusing with a spatial lens, decentering the lens with respect to the object being

focused should not affect the location of the focused spot. The temporal analogy means that pulse

timing jitter should be removed when focusing. This experiment was done by focusing the 55 ps

laser pulses to 6.7 ps and measuring the pulse timing jitter before and after focusing. The results

are shown in Figure 3. Pulse timing jitter is reduced by and average of 80%. The fundamental

limitation is lens aberration, caused by the fact that the phase modulator gives sinusoidal phase vs.

time, when quadratic phase vs. time is the ideal.

Optical Synthesized Source

We have stopped working in this area due to difficulties in obtaining the fundamental

technology needed to build such a system. The idea was to use surface emitting lasers (SELs) to

build an optical source tunable over 1() GHz with a kilohertz linewidth. SELs are a key



component because of their ability to smoothly tune wavelength, unlike distributed feedback

lasers which undergo mode hops.

We collaborated with Sandia National Laboratories to build the S'ZLs We were not able

to build lasers with uniform lasing characteristics such as laser threshold current. We have

concluded that SEL technology is not yet mature enough to make the fundamental measurements

needed to build the optical sweep synthesizer.

Related Work

While our work to improve the electro-optic sampling system has been narrowed to the

single, exciting topic of time-microscopy, additional work in our lab should be interesting to

those needing high speed, high resolution circuit testing methods. This work was supported by

ONR/DARPA under contract N00014-92-J-1769. Our new approach combines the high spatial

resolution inherent in scanning force microscopy (SFM) with our experience in high speed

electrical pulse generation to yield a new ultrafast technique, that is theoretically sensitive

enough to map an electric potential profile with better than 1 picosecond time resolution and

submicron lateral resolution. It is an non-invasive technique which does not require vacuum.

Our efforts are aimed at the challenging task of characterizing high-speed nanometer-scale

devices. Presently, no one measurement technique simultaneously addresses the requirements of

ultrahigý speed and ultrasmall scale. On-wafer microwave probes and optical sampling systems

have limited lateral resolution. Although electron beams can yield high resolution, such systems

operate in vacuum and are significantly slower.

A scanning force microscope operates by sensing the minute deflections of a cantilever to

which is attached an atomically sharp tip. In the non-contact SFM mode of operation, longer

range forces (such as an attractive electric force) cause the cantilever to bend.

Suppose that a voltage V is present between a conductive SFM tip and the sample device.

There will then be an attractive force F experienced by the tip. If we simply model the tip and

the device as two plates of a parallel plate capacitor, we obtain:



S-" AV 2

2z 2

where Eo is the permittivity of vacuum, A is the effective area, and z is the effective distance.

The key point is that the force is dependent on the square of the voltage. We take advantage of

this nonlinearity to extend the measurement bandwidth far beyond the mechanical resonance of

the cantilever, unlike past capacitance and potentiometry measurements using an SFM, which

were limited by the slow cantilever response and feedback electronics. We avoid this problem

by using the square-law force interaction present between the SFM and sample for mixing and

sampling. The high-speed signal under test is downconverted to a much lower intermediate

frequency. The tip acts as an extremely high-speed mixer/sampler. That is, if two voltages, a

signal voltage and an applied sampling voltage, appear between the tip and the sample, there

will be a force term corresponding to the product of the two voltages.

We have conducted preliminary mixing experiments using a commercial scanning probe

microscope (Park Scientific Instruments' Autoprobe) and an available supply of silicon nitride

cantilevers which were coated with gold. Our initial results confirm the principles of high-

speed operation. We have demonstrated sampling with a time resolution of about 1M ps and

mixing for input frequencies up to 20 GHz, above which we were constrained by package and

input cable losses. We believe that future high-speed performance will not be restricted by the

inherent speed of the nonlinearity or by the extremely small tip-to-sample capacitance but by

stray capacitances in the system, which will be critical for measurement frequencies exceeding

several hundred gigahertz. In the future, w.- intend to improve time and lateral resolution by

integrating high-speed circuitry with a microfabricated cantilever and tip.
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Abstract

In recent years there has been great interest in short pulsed lasers for applications

in communication, fast temporally resolved measurements (electro-optic sampling), and as

a means for obtaining higher peak powers. In contrast to argon ion pumped mode-locked

Ti:sapphire lasers, there is a need for compact, economical, low-noise, diode-pumped,

infrared wavelength short-pulsed sources. This need is addressed in the first part of the

thesis, where a 20 GHz dielectric resonator/ optical modulator (DROM) is introduced and

developed for harmonic mode-locking of a diode-pumped Nd:BEL laser. Depending on

the mode-locker drive frequency, two distinct regimes of mode-locking were observed: (1)

2.9 psec pulses at the cavity repetition-rate of 238 MHz, (2) 3.9 psec pulses at the

repetition-rate of 20 GHz. These are the shortest pulses yet reported for active mode-

locking of a Nd laser. After the short pulses are created, it is desirable to have a means for

controlling them. This leads to the concept of temporal imaging and time-lenses. There is

an interesting analogy between the spatial problem of Fresnel diffraction and the temporal

problem of first order dispersion. This can be extended to introduce the idea of a time-lens

as a dual of a spatial lens (regular lens). The time-lens is simply a quadratic optical phase

modulator in time, which is approximated by a portion of a sinusoidal phase modulator.

Thus, by using phase modulators as lenses and grating pairs as dispersive elements,

complete temporal imaging systems can be constructed in exact duality with spatial

imaging systems. A resonant microwave optical phase modulator in LiNbO3 with multiple

passes based on an off-axis path in a stable optical resonator, is demonstrated as a time-

lens. At 5.2 GHz operation, 44 radians of phase modulation was obtained at 1.06 pim

wavelength for 13 W of microwave power. This corresponds to a time-lens with 31 psec

aperture and 1.9 psec resolution. This was confirmed by demonstrating temporal focusing

of 45 psec pulses to 1.9 psec.
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Chapter 1 Introduction

Since the advent of lasers, there has always been a strong interest in short pulsed

lasers for applications in digital communication, fast temporally resolved measurements,

and as a means for obtaining higher peak powers for non-linear optical experiments.

Digital soliton communication systems using erbium-doped fiber amplifiers are very close

to possible commercial installation. However, as soliton sources, there is a need for clean

transform-limited pulses of few picosecond to few tens of picosecond width. With

increasing communication demand for higher bit rates, pulse repetition rates of few tens of

GHz will be required. The second main application of short pulsed lasers is fast

temporally resolved measurements. Time resolved spectroscopy is a growing field and is

perhaps the last frontier in experimental spectroscopy. Another example, which is very

relevant to our laboratory, is the electro-optic voltage probing of very fast GaAs circuits

using picosecond optical pulses.

In contrast to argon ion pumped mode-locked Ti:sapphire lasers, there is a need for

compact, economical, low-noise, diode-pumped, infrared wavelength short-pulsed

sources. In recent years this has led to increased interest in mode-locking of diode-pumped
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Nd lasers. In Chapter 2, a 20 GHz dielectric resonator/ optical modulator (DROM) is

introduced and developed using LiNbO 3 . This is used for harmonic mode-locking of a

d.ode-pumped Nd:BEL laser ir Chapter 3.

In the second part of the thesis, new ideas, concepts, and techniques are developed

for controlling and manipulating short pulses of light. This is the concept of space-time

duality and temporal imaging as discussed in Chapter 4. There is an interesting analogy

between the spatial problem of Fresnel diffraction and the temporal problem of first order

dispersion. This can be extended to introduce the idea of a time-lens as a dual of a spatial

lens (regular lens). The time-lens is simply a quadratic optical phase modulator in time,

which is approximated by a portion of a sinusoidal phase modulator. Thus, by using

phase modulators as lenses and grating pairs as dispersive elements, complete temporal

imaging systems can be constructed in exact duality with spatial imaging systems. There is

a host of exciting applications of these ideas, such as time reversal, signal processing,

active pulse compression, and time-microscopy of fast optical events. The latter

application as an instrument can perhaps replace streak cameras. Chapter 5 develops a

time-lens based on a resonant microwave optical phase modulator in LiNbO 3 with multiple

passes based on an off-axis path in a stable optical resonator. Results on temporal

focusing, or active pulse compression, are presented in Chapter 6. Finally, in Chapter 7,

the thesis is summarized and future directions are discussed.



Chapter 2 Dielectric Resonator/ Optical
Modulator (DROM)

The concept of using a dielectric resonator, made from an electro-optic crystal as a

microwave bulk-optic modulator, is introduced. This device is called a DROM (dielectric

resonator/ optical modulator). A specific configuration DROM is developed, and its theory

and design are presented. A 20 GHz device made out of LiNbO3 is demonstrated with 0.1

radian of phase modulation at 1.06 rr- wavelength for 25 dBm of microwave power.

2.1 Background and Motivation

Metal cavities have long been used as microwave resonators, occasionally

combined with dielectric materials. However, it has been known for some time that

materials of high dielectric constant (c), by themselves, can exhibit high Q microwave

resonances [2.1] depending on their shape and size. Such resonators are known as

dielectric resonators. Its only recently that materials (usually ceramics) having dielectric

constants between 30 and 40 with good temperature stability and low dielectric losses have

become available. This has led to numerous applications of dielectric resonators in

microwave oscillators and filters. In terms of size, cost, and higher Q there are significant

3
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advantages compared to conventional cavity resonators. The shape of dielectric resonators

is usually a short, solid cylinder, with the usual resonant mode being TEi08 12.2, 2.31. It

should be pointed out that dielectric resonators have some radiative losses, and are

therefore always enclosed in metal boxes.

Electro-optic crystals like LiNbO3 (dielectric constants : Ex = ey = 44, ez = 28) and

LiTaO3 (e. = ey = ez = 43) have high dielectric constants. In addition, since for LiNbO 3

the loss-tangent at microwave frequencies is fairly low, this material is suitable for

dielectric resonators. At the microwave resonance, the electric field inside the crystal is

greatly enhanced, and if the field distribution of the resonant mode is appropriate, can be

used as an electro-optic modulator. This approach offers an elegant means for realizing

microwave frequency optical modulation. The application and motivation for such a

modulator will be discussed in the next chapter, where it is used as a mode-locker for a

diode-pumped Nd:BEL laser.

2.2 Electro-optic properties of LiNbO3

The electro-optic effect is most conveniently described using the impermeability

tensor bij which is the inverse of the dielectric tensor £ij. Applying an electric field (El)

perturbs [2.4) the impermeability tensor by Abi, as

bij = 1b') + Ab.. (2.1)
L ij V

Ab." = rijk Ek (2.2)

This relation can be written in contracted tensor notation as
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"bl" "ril rl12 r'13"

b2  r21  r 22  r 23 [E,]

b3 = r31  r32 r33 Ey (2.3)

b4 r41  r42  r4  _ Ez

b5  r51  r52  r53

_b6_ r 6l r62  r 63

The electro-optic matrix F for LiNbO3 is [2.51

o -r 22  r 13

o r 22  r13

o 0 r3 3  (2.4)

o r51  0

r51  0 0

L-r 22  0 0

Now, writing the complete bij matrix and noting that bo = 1/n4 and b, = 11n,, where no

and ne are the ordinary and extraordinary refractive indices of LiNbO 3 respectively, yields

bo - r 22Ey + r13Ez -r22E1 rslEx

byj = -r 22 Ex bo + r 22Ey + ri 3E, r51Ey (2.5)

r51Ex r5jEy b, + r3 3 EJ

For propagation along x or y-axis, with polarization along z (c-axis) and electric field (Ez)

applied along the same direction, the change in refractive index is

An, ='lne r33 Ez (2.6)
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This is the best crystal orientation for phase modulator applications because r33 is the

largest electro-optic coefficient for LiNbO 3 [2.51.

2.3 Theory and Design

In addition to choosing a resonant mode with electric field distribution appropriate

for electro-optic modulation, the other requirements on a DROM include: (1) Q limited by

the loss-tangent of LiNbO 3 and not by ohmic or radiative losses, and (2) convenient

access for optical beams. The DROM configuration satisfying these requirements, can be

introduced by comparing a high-E dielectric waveguide with a conventional metal

waveguide (Fig. 2.1). It can be shown [2.6] that the interface between a high-e dielectric

and air can be approximated by an open-circuit boundary, which is the dual of a short

circuit, i.e. Htan = 0, and E,,,., = 0. Since the wave equation is identical for magnetic

(H) and electric (E) fields, it is clear that within the open-circuit boundary approximation,

dielectric waveguide modes are the same as the metal waveguide modes (Fig. 2.1) when E

and H are exchanged. In Fig. 2.1, the E and H fields are shown for the TE10 mode in

Metal Waveguide Dielectric Waveguide

- ~ztz

TE io TMio

Figure 2.1 Comparison of metal waveguide with high-s dielectric waveguide. E-field
(solid line), H-field (dashed line)
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the metal waveguide [2.7] and the corresponding TM10 mode for the dielectric waveguide.

In the present analysis, LiNbO3 is approximated as an isotropic dielectric with a geometric

mean Er of 35.

A resonator is formed from the above described dielectric (LiNbO3) waveguide by

placing two short-circuit planes half a guide wavelength apart in the z-direction. This is

shown in 27ig. 2.2, where gold plated brass plates are used not only as short-circuit planes

but also for mechanically holding the crystal. Also shown is the electric field distribution

of the TM 10 1 resonant mode. Within the given approximations, the resonant frequency

and the field distribution can be expressed as [2.81

c1 (2.7)

E,= Eo cos(;rx/a)cos(7rz/c) (2.8)

Ey =0 (2.9)

Ez = Eo ca sin(7rx/a)sin(xrz/c) (2.10)

Hx =Hz =0 (2.11)

Hy = j2fR eEo c Eo cos(irx/a)sin(7rz/c) (2.12)

where fR is the resonant frequency, co is the speed of light in vacuum, cr is the geometric

mean dielectric constant of LiNbO 3 (about 35), co is the permittivity of free space, Ex and

Ez are the x and z components of electric field inside the crystal, Hy is the y component of

magnetic field inside the crystal, a, b and c are the dimensions of the crystal in the x, y and

z directions respectively, and E0 is a constant. The c-axis of the crystal is parallel to the x-

axis. Therefore, Ex leads to phase modulation of the optical beam through the r33 electro-

optic coefficient (Eq. 2.6). The fringing field of the SMA connector pin (Fig. 2.2)
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overlaps with the evanescent external field of the resonant mode and for the correct

spacing gives critical coupling. Thus efficient optical phase modulation is obtained at the

resonant frequency, fR. The external field is due to the fact that the actual boundary

conditions of the physical resonator are not open-circuit as assumed in Fig. 2. 1. Note that

if the c-axis of the crystal is chosen parallel to the z-axis (Fig. 2.2), the odd parity of Ez

will cause intensity modulation at 2fR in a single-mode optical system.

I ISSMA connector
a=2 mm t

Optical
c=2.5 mm beam Brass plates

S•,*LiNbO3

b, c-axis y E field

IFz

Figure 2.2 DROM made of a LiNbO 3 crystal sandwiched between two brass plates
and excited via a microwave connector. The E-field lines correspond to the
TMi0t resonant mode. Origin of the coordinate system is at the center of
the crystal.

2.3.1 Phase Modulation Analysis

A convenient means for performing resonator calculations is to use the energy
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definition of Q0 (unloaded Q).

Qo = °)RWO (2.13)
P

where 0 R is the angular resonant frequency, WO is the energy stored in the resonator, and

P is the input microwave power. The peak electric field in time can be obtained from the

stored energy at the moment when it is entirely electric in form. Assuming that most of the

energy is stored inside the crystal and using Eqs. 2.8 - 2.10 gives

Wo= £OJ --• E12 dxdydz (2.14)
xtal

WO _Eo E abc(1 + c2/a 2) (2.15)8

Combining the above with Eq. 2.13, then gives

8a2  PTQ (2.16)E0 = eoab--•a +c2) q

In the actual fabricated modulator, as discussed in the next section, a highly reflecting

optical coating was applied on one side of the crystal. Consequently, it is the round trip

phase modulation, Acb, which must be calculated here from Eq. 2.6. The result is

A4D = cqi 2yr- •bnr 33 E0  (2.17)
X0 2 er3E

where X0 is the free space optical wavelength, and ot and 03 are spatial and temporal

overlap factors respectively. These factors are less than one because the optical-microwave
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interaction is not uniform in space or time. Substituting Eq. 2.16 into 2.17, gives the

following complete expression for phase modulation,

A' = aP (27rEac(a 2 +L2) 0  (2.18)

The factors a and j3 are given by the following overlap integrals:

22a =-~ fexp(-2x2/w')cos(1rx/a)dx Jexp(-2z2/wcos(7r z/c) dz

2
a=exp[-;r2 a(1 a2 + 1/c 2)] (2.19)

1 +t,/2

fl = - JcosGRt dt = sm2s(o)Rtr /2) (2.20)
t r -,2 0)Rtr

where wo is the waist size of the input Gaussian beam and tr is the round-trip transit time

through the crystal (tr = 2bne I co).

2.3.2 QR Due to Ohmic Losses

The Q due to ohmic losses in the metal plates, QR, can be evaluated by calkulating

the resistive power dissipated (PR) in the metal plates. From the definition. of Q, as given

in Eq. 2.13, it follows that
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QR = (ORWO

PR (2.21)

The surface current density on the -ietal plates is equal to the tangential magnetic field at

the surface. This leads to [2.81,

-r b/2 a/2

,R= '[2 f f IHa12 dxdy[ (2.22)
2 J J /2

-b12-a/2 I

Where Rs is the surface resistivity of the gold plating. The following is obtained when Eq.

2.12 is substituted in the above equation:

2 2

R2-° R. CO 2 abc 2 E20 (2.23)

From Eqs. 2.15, 2.21, and 2.23, the expression !%r QR is obtained,

QR X 72(1 + c 2/la2) (2.24)
Qe=04ee0 0 R R, c

For a good DROM design, QR should be much greater than Qm (material Q of LiNbO3,

section 2.5). The combined effect of these two losses corresponds to Qo, as given by,

1 _ 1 1 (.5
+ (2.25)

Qo Qm QR

2.3.3 Modulation Frequency Response

The resonator can be modeled as a parallel RLC circuit, as shown in Fig. 2.3, with
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a current source of impedance Rs. The admittance of the circuit is

Y 1/ R, +11 R + j(o C-I / oL) (2.26)

Y=RIII+( - OR)Q/1 /0.2] (2.27)

RI IIIR

Rs C R L

Figure 2.3 Circuit model of DROM.

where QL is the loaded Q (QL = coCR IR ) and (DR = 4i/ILC is the resonant frequency.

Phase modulation in the DROM is proportional to the voltage across the capacitor in our

model. This in turn is proportional to the impedance Z (l/Y). For a high-Q circuit

operating close to resonance, (-coR <<«(R and co+ coR ---2mR. Under this

approximation, the frequency dependence of phase modulation can be easily expressed as

AO(mo) = (2.28)
1 + j 2 QL (w -COR) i wR

where A4 is tie modulation exactly on resonance as given by Eq. 2.18. For critical

coupling of the resonator, R = R., and therefore QL = Qo/2.
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2.4 Construction and Measurement of DROM

A DROM was constructed [2.9] from a LiNbO3 crystal with the following

dimensions : a = 2, b = 1.8, and c = 2.5 (mm). The metal plates (Fig. 2.2) are gold plated

brass. From Eq. 2.7 this corresponds to fR = 16.3 GHz. The resonator is characterized

using -n HP8510 network analyzer (Fig. 2.4), giving a measured resonant frequency, fR

= 20 GHz. The discrepancy is not unexpected because Eq. C.7 assumes perfect open-

circuit boundary conditions at the LiNbO 3-air interfaces and an isotropic dielectric

constant, both of which are approximations. The unloaded Q (Q0) is also inferred from the

Smith chart measurement using the model of Fig. 2.3. The impedance looking into the

resonator (without the source) near O)R is approximately given as,

R
Z = R(2.29)

1 + j 2 Qo(co -woR) / IOR

If the impedance is Z = R / (1 ± j) = R(I T j) / 2 at frequencies a)I and (02 respectively,

then Qo = cR / (o), - 0)2). These frequencies are easily measured on the network analyzer

giving a value of Q0 = 500. From Eq. 2.24, the Q due to ohmic losses is QR = 1530.

Thus, Qo is largely limited by the material Q of LiNbO3 as discussed further in Section

2.5.

One facet of the crystal is anti-reflection coated, and the opposite facet is a 97%

reflector for 1.07 4.im wavelength. The DROM is used as both output coupler and mode-

locker for a diode-pumped Nd:BEL laser, as will be discussed in the next chapter. The

round-trip optical phase modulation is measured by looking at the sidebands produced on
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a single-frequency ("o) laser using a scanning Fabry-Perot cavity as an optical spectrum

analyzer. Phase modulation AO at frequency co produces sidebands on the optical carrier

(coO) as follows,

expj(toot + Asin ot) = Y Jq(AO)expj(wo + qto)t (2.30)

where Jq is the qth order Bessel function. Modulation is inferred by measuring J1
2/J0

2

using the scanning Fabry-Perot cavity, and is plotted in Fig. 2.5 for 25 dBm of

microwave input power. The theoretical prediction is also shown in the figure using Eqs.

2.18-2.20, 2.28, with Qo = 600 providing the best fit to the measured data. For the given

100 000
1000

8 0Theory

S60
6 4

20

0 I I I

19.8 19.9 20 20.1 20.2

Frequency (GHz)

Figure 2.5 Measured and theoretical phase modulation of DROM for an input power
of 25 dBm.
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parameters, the spatial and temporal overlap factors are a = 0.96 and I3 = 0.61

respectively. The peak optical phase shift is measured to be 0.1 radian with a 3 dB

bandwidth of 60 MHz for 25 dBm of input power.

2.5 Material Q of LiNbO3

Dielectric losses in LiNbO 3 have been measured to some extent previously [2. 10-

2.12]. However, precise measurements of the material Q (Qm) of LiNbO3 in the frequency

range of interest (5 - 25 GHz) were not found in the published literature. The technique

used for measuring Qm is briefly described in reference [2.13]. The setup involves a

microwave metal waveguide, with a small piece of LiNbO3 of varying size, suspended

inside using Styrofoam. Looking at the transmitted wave through the waveguide (S2 1) on

a network analyzer, shows strong resonances corresponding to different dielectric

resonator modes in the LiNbO 3 piece. It is known that for high-e dielectric resonators,

most of the electrical energy is confined in the dielectric. Consequently, the Q of the

resonance inferred from S21 measurements is the same as the material Q of LiNbO3. The

circuit model [2.14] for the experiment is shown below in Fig. 2.6.

L

Figure 2.6 Circuit model showing a transmission line coupled to a resonance.
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The waveguide is represented by a transmission line of impedance Z0 , which is

coupled to the LiNbO 3 dielectric resonator represented by an RLC circuit. The value of R

is proportional to the coupling. Impedance Zin (Fig. 2.6) is given by,

Zi = Zo + zZ + R (2.31)1 + j2 Qo (a) - toR) o)R

From this, S2 1 is

S21 = 27o (2.32)
Z+2Zo

S21 = I + j 2 Q°(co--OR)I /0R (2.33)
1 + R/2Zo + j2Q0 (eo - toR)/ WOR

On resonance:

1
S21(R)= = -L [dB] (2.34)

1 + R/2Z0

where -L is S21((R) on a dB scale,

L = 20log(1 + R/2Zo) (2.35)

Now, at frequencies 0) = toR ± AWo / 2, such that j2Qo(cO - ±R) /R +j, then S21 is

S21 (oR ± Ao / 2) = 1-L'[dB] (2.36)
(I + R/2 Zo) = j
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where L'is expressed as,

L'= -20logjS 2 1 = 10l og[(1 + R/ 2 Z,)2 +1 (2.37)

L'= IOIog[(I + IOW) /2 1  (2.38)

The general features of S2 1 are shown in Fig. 2.7. First L is measured and then L' is

inferred from Eq. 2.38. The Q directly follows from the measured value of Aw',

Qo = Qm = 09RIA° (2.39)

S2 1 [dB]

0

-LI-
-L------------- ----

-L ----- ----- L-q
! I

in or

Figure 2.7 S21 plot showing various relevant parameters for measuring Qm
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The material Q is measured at various points over a large frequency range, using

different waveguides and LiNbO 3 pieces of varying sizes. The results are shown in Fig.

2.8. At 20 GHz Qm is about 900, while a Qo of about 500 was measured earlier for the

DROM. This inconsistency was resolved by realizing that a different stock of LiNbO 3 was

used for the two experiments. Measuring Qm for the DROM stock of LiNbO3, indeed

gave a value of about 500 at 20 GHz.

25002 5 0 ............... f ! ..... .............. .i .... .............. .................. ...... 7... .........................
S........... .. ...'"" ........... . . ......... . ..........KI K N I

......................... , ....... ........-.... .. O . ........... ......... .• ............ ............. . . . . . . . .. . . .

2 0 0 0 .................. i. ....... ............... ....... .................. .......... ....... --................

E 1 5 0 0 ~ ~ ~~~ ................ ... .............. ..... .................... .. ............. .............
.. . . . .. .. .... • .. . ................ . . ................... • . . . ................. :. ........ ...............

........................ .......................... . 4...................... {... ............. * ....... .- 7 ..................... . .
2000-IKKKKXIKIKK•KiKK KK K
1 5 0 0 . . . . . . .. . . .- .. . . ..............

1000 --

500 1 p I I IIi11

5 10 15 20 25 30
Frequency (GHz)

Figure 2.8 Material Q of LiNbO3 measured at various frequencies.
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Chapter 3 Harmonic Mode-locking of
Nd:BEL Laser

Harmonic mode-locking of a 238 MHz diode-pumped Nd:BEL laser cavity is

demonstrated at the 84th harmonic, using the 20 GHz dielectric resonator/optical

modulator (DROM) introduced and developed in the last chapter. An overview of mode-

locking of lasers is presented, followed by a description of the experimental setup and the

results obtained. Depending on the DROM drive frequency, two distinct regimes of mode-

locking were observed: (1) 2.9 psec pulses at a repetition-rate of 238 MHz, (2) 3.9 psec

pulses at a repetition-rate of 20 GHz. These are the shortest pulses ever reported for active

mode-locking of a Nd laser [3.1, 3.21.

3.1 Background: Mode-locking of Lasers

Phase locking of a large number of axial cavity modes of a laser resonator, using

an active modulator or some nonlinear interaction, is known as mode-locking. In the time

domain this generates short pulses of light at a repetition rate corresponding to the axial

mode-spacing frequency (fax). Mode-locking was first theoretically discussed by

DiDomenico 13.3] and first demonstrated in a He-Ne laser by Hargrove et al. [3.4] in

22
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1964. Since then the field has expanded very rapidly. Many different techniques of mode-

locking have been developed and applied to various laser systems. At the same time,

theoretical understanding and prediction have advanced considerably, even though the

theory is far from complete because of the complex laser dynamics involved. A good

review of the early history of mode-locking is given in reference [3.51. Broadly speaking,

mode-locking can be divided into two types : active and passive. In the first case, the

coupling mechanism between the axial modes is a phase or intensity modulator driven at

the axial mode-spacing frequency (fax). It is possible to drive the modulator at some

integer multiple of this frequency, or fm. = N x fa,, in what is referred to as harmonic

mode-locking [3.61. Here the modulator couples every Nth axial mode. However, gain

saturation and spatial hole burning may provide some coupling at fax. For passive mode-

locking the coupling is caused by an index or absorption change that is a nonlinear

function of intensity. In the last few years, many interesting techniques for passive mode-

locking of solid-state lasers have developed. In this chapter, however, the discussion will

be limited to active mode-locking.

3.1.1 Kuizenga-Siegman Theory

Over the years, many different theories of active mode-locking have been

presented [3.7, 3.8, 3.9, 3.10, 3.111. The simple model developed by Kuizenga and

Siegman for homogeneously broadened lasers [3.12, 3.13], best lends itself to intuitive

understanding and straightforward calculation. This theory is briefly described here.

Consider a laser resonator with an intracavity phase or amplitude modulator, as shown in

Fig. 3.1. The modulator is driven sinusoidally at a frequency fm adjusted to the axial

mode-spacing fax = co/2L, or some harmonic (N) thereof. A complex (including chirp)

gaussian pulse is tracked through the cavity over one complete round trip, passing twice
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Figure 3.1 A laser resonator formed by placing two mirrors (M) around a gain
medium. The modulator (amplitude or phase) inside the cavity is used for
mode-locking.

through the gain medium and the modulator. For a stable steady-state solution, the pulse

shape should remain unchanged from one complete round trip to another. Omitting details

of the analysis, the mode-locked pulse width (intensity FWHM) for amplitude modulation

can be simply stated as [3.12],

"-rp,AM= 0. 45 1 g ) 14,Ffa (3.1)

where go is the saturated round trip gain, Am is t..- peak armplitude modulation, fm is the

modulation frequency, and Afa is the bandwidth of the homogeneous gain medium. The

pulses are transform limited with a time-bandwidth product of 0.442. For mode-locking

with a phase modulator, the pulse width is slightly larger:

0pF o53(go = 0.f (3.2)Tp'M " A.m ) fmf a
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where Am is the peak phase modulation. However, for FM mode-locking, the pulses are

chirped with a time-bandwidth product of 0.442 x 2 = 0.626.

3.1.2 Mode-Locked Diode-Pumped Nd Lasers

In recent years, there has been a tremendous amount of interest in diode-pumped

Nd:YAG lasers, partly because of their significant advantages over flashlamp-pumped

YAG lasers. High power diode arrays in the 1-10 W range are now available from several

manufacturers. The arrays have good electrical to optical conversion efficiency, about

30%, but the different stripes of the array emit independently with random phases in

several axial modes. Therefore, diode arrays by themselves are not very useful lasers.

However it makes a very convenient and efficient pump for Nd:YAG lasers with

efficiencies of about 30%, giving a total wall-plug efficiency (electrical to YAG output) of

about 10%. The output of such lasers is usually a TEM0 0 spatial mode, with single-

frequency operation for some designs. In addition, compared to flashlamp-pumped

systems, these lasers offer compact size, stable low-noise performance, and longer

lifetime.

Advances in diode pumping has also led to much interest in mode-locking of

diode-pumped Nd lasers, partly because of the advantages discussed above. Pulse widths

of 7-12 psec have been demonstrated with active mode-locking of diode-pumped Nd:YAG

[3.14], Nd:YLF [3.15, 3.16, 3.17], and Nd:glass [3.18, 3.191 lasers. The modelocker is

either an acousto-optic intensity modulator or an electro-optic phase modulator made out of

LiNbO3 or LiTaO3. Pulsed FM-mode-locking [3.20] and conventional acousto-optic

mode-locking [3.21] of a diode-pumped Nd:BEL laser have both produced 7.5 psec
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pulses. By using an acousto-optic modulator in the Raman-Nath regime, 3.8 psec pulses

were recently obtained from a Nd:glass laser [3.22]. Pulse widths of 1.5 to 4 psec have

been obtained using nonlinear, coupled-cavity, passive mode-locking schemes with

Nd:YAG [3.231 and Nd:YLF [3.24, 3.25] lasers. Active mode-locking in the 1-5 GHz

repetition rate with diode-pumping has been demonstrated by several groups using both

amplitude and phase modulators [3.26, 3.27, 3.28, 3.29].

3.2 Diode-Pumped Nd:BEL Laser

It is known from Eqs.(3.1, 3.2) that the mode-locked pulse width is inversely

proportional to the square root of the laser linewidth. Nd:YAG has a linewidth of 6.5 cm-

1, in comparison to 12 cm- 1 and about 180 cm- 1 for YLF and g'.ss respectively, Even

though Nd:glass has an extremely large bandwidth, it is plagued by a small stimulated-

emission cross section and thermal problems. Nd doped Lanthanum beryllate (La 2Be2O5

or BEL) has a stimulated-emission cross section about half that of YAG, with a linewidth

of 30 cm-1 [3.30]. Therefore, it is a good compromise host for mode-locked Nd lasers.

An additional advantage to BEL is its relatively broad absorption bend. With the

absorption peak centered at 810 nm, diode lasers suitable for pumping YAG can also be

used for BEL, but with less stringent requirements on wavelength [3.311].

The design of the diode-pumped Nd:BEL laser is based on an astigmatically

compensated folded cavity, as shown in Fig. 3.2, which has become popular for diode-

pumped lasers [3.141. The pump diode is a 1 W array [3.32] with an emitting region of

200 gm x 1 4m. It is imaged into as small a spot as possible on the BEL rod using a

spherical (f=3.3 mm) and two cylindrical (f=-12.7 and +12.7 mm) lenses. The length of

the BEL rod was chosen to he 5 mm to absorb most of the pump, whose wavelength was
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Laser Diode Array
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Coupling AR 810 nm
Optics
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Turning Mirror
Radius = 20 cm
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Figure 3.2 Folded cavity, diode-pumped Nd:BEL laser, with DROM used for
harmonic mode-locking. HR, highly reflecting; AR, antireflecting.
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selected and temperature controlled for operation near 810 nm. The other side of the BEL

rod is brewster cut, with astigmatism compensated by the 120 fold in the cavity. The

cavity length was chosen to give fax = 238 MHz. At 1.6 A of diode current, about 800

mW of pump light is emitted of which about 660 mW reaches the BEL. First the laser was

setup with a standard 3% output coupler, giving 90 mW output power at 1.07 pm

wavelength.

3.3 Harmonic Mode-Locking of Nd:BEL

Next, the standard output coupler of the laser cavity was conveniently replaced

(Fig. 3.2) by the 20 GHz DROM developed in the last chapter. One facet of the DROM

crystal is anti-reflection-coated, and the opposite facet is a 97% reflector for 1.07 pim

wavelength. Thus, it serves the dual function of output coupler and mode-locker. The two

faces of the crystal are wedged about I deg to eliminate any detrimental etalon effects. The

laser cavity axial frequency is about 237.7 MHz and the DROM is operated on resonance

at the 84th harmonic of that, about 19.97 GHz. The mode-locker drive frequency could be

fine-tuned to give two distinct regimes of mode-locking. For one range of drive

frequencies, surprisingly, mode-locked pulses at a repetition rate of 237.7 MHz are

obtained as shown in Fig. 3.3. This measurement was made with a fast photodetector

[3.33] and a 20 GHz sampling oscilloscope [3.34]. The corresponding autocorrelation

trace [3.35] of a typical pulse is shown in Fig. 3.4. The pulses had minimal wings, as

evidenced by the excellent fit [3.36] to a 2.9 psec (FWHM) gaussian pulse. The FWHM

spectral width, as measured using an optical spectrum analyzer [3.371, was 0.61 nm. This

translates into a time-bandwidth product of 0.48, which is 1.1 times transform-limited.

We observed an eighth-root dependence of pulse width on microwave power into the

DROM (Fig. 3.5), as expected from the Kuizenga-Siegman theory (Eq. 3.2). A time-
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Figure 3.3 237.7 MHz pulse train as observed using a 40 GHz photodetector and a 20
GHz sampling oscilloscope.
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Figure 3.4 Autocorrelation trace of a pulse at the 237.7 MHz repetition rate (solid line)
as fit to a 2.9 psec gaussian pulse (dashed line).
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bandwidth product of 0.626 for FM mode-locking and 0.44 for AM mode-locking is

expected from theory [3.12]. The possibility of AM playing a role in our experiments is

unlikely, for that would have given a fourth-root dependence of pulse width on microwave

power. Stable mode-locking was obtained with microwave power as low as 70 mW.

Increasing the mode-locker drive frequency about 30 KHz yields another mode-locking

regime, with pulses at 19.97 GHz repetition rate. The corresponding autocorrelation

trace, along with a fit to 3.9 psec gaussian pulses, is shown in Fig. 3.6. The spectrum in

this case is shifted -0.5 nm relative to the first mode-locked regime, with a spectral width

of 0.95 nm. Mode-locking at 19.97 GHz also occurred when the mode-locker drive

frequency was decreased by about 70 KHz, in which case 5.5 psec pulses with a 0.99-

nm-wide spectrum, this time shifted +0.5 nm relative to the first regime, were seen. In

each regime, the laser remains stably mode-locked for tens of minutes without

y = 5.5869 xA(-0.12036) R= 0.9816

3.3

3.2

30

a) 3

Co.-- 3.10

r-

a) 3

2.9

0
2 .8 . . . . . . . .. 1., . . . . . .

50 100 150 200 250 300
Power (mW)

Figure 3.5 Measured pulse width vs. input microwave power, showing the best fit
corresponds to an eighth-root dependence.
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any feedback control. With 660 mW of diode pump power incident on the BEL rod, 50

mW average output power is obtained.

Becker et al. [3.6] demonstrated harmonic mode-locking of a Nd:YAG laser up to

the 5th harmonic and always observed the pulse repetition rate to be the same as the mode-

locker drive frequency, even though under certain conditions all axial modes of the laser

cavity were observed in the optical spectrum. Mode-locking behavior similar to ours was

reported for 2nd harmonic mode-locking [3.38]. For mode-locking at 19.97 GHz as

discussed above, a -/+ 0.5 nm shift in the optical spectrum combined with dispersion in

the gain medium, qualitatively accounts for the +30/-70 KHz detuning in the drive

frequency for the two regimes. From Eq. 3.2, the predicted pulse width is 4 psec.

However, beyond that, our understanding of FM harmonic mode-locking is incomplete.

1.2
--- Gaussian fit

1 3.9 psec FWHM

0.8
0CO

( 0.6
0
8 0.4

0.2

0

"-0.2 . .. ,

-70 -50 -30 -10 10 30 50 70
Time (psec)

Figure 3.6 Autocorrelation trace of 3.9 psec pulses at the 19.97 GHz repetition rate.
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Chapter 4 Space-Time Duality &
Temporal Imaging

This chapter first introduces the concept of space-time duality, which is then

extended to the idea of temporal imaging. There is an interesting analogy between the

spatial problem of Fresnel diffraction and the temporal problem of first order dispersion.

This can be extended to introduce the idea of a time-lens as a dual of a spatial lens (regular

lens). The time-lens is simply a quadratic optical phase modulator in time, which is

approximated by a portion of a sinusoidal phase modulator. Thus, by using phase

modulators as lenses and grating pairs as dispersive elements, complete temporal imaging

systems can be constructed in exact duality with spatial imaging systems. There is a host

of exciting applications of these ideas like time reversal, signal processing, active pulse

compression, and time-microscopy of fast optical events. The ideas and results presented

in this chapter on the space-time duality are summarized in Table 4.1.

4.1 Fresnel Diffraction & Temporal Dispersion

There exists an interesting analogy between the spatial problem of Fresnel

36
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SPACE TIME

Transverse coordinate, x Time, t

Spatial frequency, kx Frequency of envelope, (o)-oo0)

Propagation constant, ko Carrier frequency, coo

Fresnel propagation to distance z: First order temporal dispersion, g-1

tran. func. = exp(-jzk2/2ko) tran. func.= exp[-j (o - oo)2 /2M1

z kop 1 = ooW"1

Lens: Time-lens:

transmittance = exp(-j _Ox2) transmittance = exp(-j _ t2)
2f 2fT

f = focal-length fT = focal-time

Law of Imaging: Law of temporal imaging:
1 1 1 a)o

L=d, d 2  f f/T

Table 4.1 Space-time duality.
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Figure 4.1 Transverse field distribution of monochromatic light propagating through
free space z.

diffraction and the temporal problem of first order dispersion, first realized by Treacy

[4.1]. Fresnel diffraction is an approximation to the general Rayleigh-Sommerfeld

diffraction formula [4.2]. Consider (Fig. 4.1) a field distribution U(x1 ,yi) of

monochromatic light at some plane xlYl, then after propagating a distance z to the plane

x2Y2, the field distribution is given within the Fresnel approximation as [4.21,

U(X2 , Y2 - exp(jkoz)J UJx( ,C"exp { kO RX2 _X) 2 +(Y2

(4.1)

where X0 is the optical wavelength and k0 is the propagation constant, 21/Ao. To

illustrate the duality between this phenomenon and temporal dispersion, the discussion

will now be limited to one transverse dimension. Assuming U(xl,yl) = U(x1)U(yl) and

writing only the x part,
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U(x2 ) = exp(jkoz) 7 .l- f U(xI)exp[4jf-(x2 -x)2Jdxl (4.2)

The above is simply a convolution integral representing a linear space-invariant system.

Hence Fresnel diffraction can be expressed as a transfer function in the spatial frequency

domain by Fourier transforming the impulse response. This yields

H(kx) = exp(jkoz)exp(-j,/ 22k k_) (4.3)

Here, kx is the propagation constant in the x direction and is given by 2;Tfx, where fx is

the spatial frequency in the x direction. Ignoring the constant phase term, the transfer

function is simply a quadratic phase shift in kx. In other words, space propagation is

dispersive for ,patial frequencies. This is the basis for the analogy with temporal

dispersion discussed later in this section. The above equation can also be derived by

considering plane-wave prop - ation in the spatial frequency domain. Since each spatial

frequency (plane wave) is an eigen-solution of the wave equation, propagation through a

distance z is very simply written as

U(kx,z) = exp(jkz) U(kx,O) (4.4)

where kz, the propagation constant in the z direction, is given as

0h f -x kapr 2iaon, k2,2o << (4.5)

The paraxial approximation, kx /kO <<1, yields
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k, = ko k- ý(4.6)

Substituting the above in Eq. 4.4, gives

U(k,,z) = exp(jkoz)exp(-j 122k k2) U(kxO) (4.7)

The above equation immediately leads to Eq. 4.3, showing that the paraxial approximation

is the same as the Fresnel approximation.

Now, Fresnel diffraction is compared with temporal dispersion. A purely

dispersive linear system has no loss and hence the general form of its transfer function is

exp[j,(o))]. For an optical pulse centered at the carrier frequency W, 0(o0) is expressed

as a Taylor series [4. 11. This yields

0(0)) = 00o + 'r(Co - too (0o - 0)0) 2 (4.8)
2g

where 40 is a constant phase, 't is the group delay, and g- 1 is the group delay dispersion.

For pulses more than a few hundred femtosecond wide and dispersion from grating pairs,

prism pairs or fibers all higher order dispersion terms are completely negligible. The input

and output pulses to the temporal dispersion system are expressed as

A(t) = u1 (t) exp(-jeoot) (4.9)

B(t) = u2 (t) exp(-j]oot) (4.10)

where ul(t) and u2(t) are the envelopes of the respective pulses and are complex in
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general. Comparing Eq. 4.8 with the exponent in Eq. 4.3 shows that, except for a pulse

delay, the envelope of the input pulse sees a similar transfer function to that for Fresnel

diffraction but with kx and x corresponding to .o-o and t resnectively. In the spatial case

the beam displacement corresponding to pulse delay is zero as expected. To obtain the

output pulse from the input, we take the Fourier transform of the input, multiply by

exp[jo(ow)] (Eq. 4.8), and then take the inverse transform.. The complete result is [4.11

B(t'+ r)= =2expJ[A0 I° r)-1°(t'+ r)]}fu1(t)exp[j-.(t-t')2Jdt (4.11)
2,Lr I, 4--a(' if 2

For grating dispersion g- 1 is proportional to the grating pair separation, which in the

space-time analogy corresponds to the propagation distance z. The space-time duality is

made very clear and striking by comparing Eqs. 4.11 and 4.2. Except for a pulse delay,

the envelope of the output pulse in time (t) behaves exactly like Fresnel diffraction in space

(x).

4.2 Temporal Imaging

Analyzing nonlinear optical interactions with short pulses, Akhmanov [4.3, 4.41

first realized the analogy between fields modulated in time (pulses) and space (finite spatial

beams). Optical pulse compression was later compared with focusing in time [4.11.

Recently, Kolner and Nazarathy [4.51 took the space-time analogy one step further and

proposed a time-domain analog to spatial imaging that allows for the distortionless

expansion or compression of optical waveforms in time. This process is called temporal

imaging. The ideas and analysis in this section follow from references [4.5 and 4.61.

Figure 4.2 shows a spatial imaging system and the corresponding analog in the time-
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domain. Temporal dispersion, the analog of free space propagation, is realized by grating

pairs in the figure. A spatial lens is ideally a quadratic phase shift in x. However, in

practice it is usually approximated by a spherical surface. The corresponding analog in

time-domain would be a quadratic phase modulator in time (t). This is called a time-lens.

In principle, this element can be realized by applying a voltage waveform, quadratic in

time, to an electro-optic modulator. Temporal imaging is valid within the slowly varying

envelope approximation (SVEA) and the analogy with spatial imaging also requires the

paraxial approximation.

TIME-LENS p.t
ttt ----.-- ____________

Quadratic
Phase

Modulator

X

Ii(X) V2 x)

d- d2 x

Figure 4.2 Temporal imaging shown as an analog of spatial imaging.
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On the basis of this space-time analogy, temporal imaging is analyzed

mathematically and the corresponding lens law is obtained. The transmission function of

the time-lens, in analogy with a spatial lens [4.61, is written as

T, (t) = exp[-j - t 2 (4.12)
2fT

where fT is defined as the focal-time of the lens. The envelope of the object pulse, ul(t),

sees the dispersion on the object side (g1-1), passes through the time-lens, and is followed

by the dispersion on the image side (4i2"1). Using Eqs. 4.11 and 4.12, the envelope of the

image pulse u2(t) is obtained (ignoring a constant phase term),

u2(t" + T1 + 'T2 ) --- P exp(-J ---°t 2)exp fj- -(t'-t") t 2
2z f, 2sir 2

ui(t)exp[jL1L(t - t') 2 ldt dt"'

where 'rl and T2 are group delays on the object and image sides respectively. Now assume

the condition

/Al + /2 = 0)0/fT (4.14)

Considerable simplification follows from Eq. 4.14, that is

u2(t" +,r, + "2) = ý9-92 exp(j2t,,2) u1 (t)exp(j2- t2 )exp(j/ 1tt')exp( jp 2t't") ddt'
2x( 241

(4.15)
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After considerable manipulation, the final result is

U2 (t"+ T1 + r2)=,F exp[jf-!-2(PLI +-U 2 )t"2 ] U L(--2t") (4.16)

In the intensity, the exponential chirp function disappears, and a distortionless expansion

or compression of the input pulse is obtained. This is called temporal imaging and Eq.

4.14 gives the corresponding law of temporal imaging. Magnification is simply given as,

M = --9l/,42 (4.17)

For completeness, a formula for the dispersion of a grating pair is included here

[4.1]. Consider the grating pair shown in Fig. 4.3. The dispersion (g-p1) is

Fi
N

Figure 4.3 A dispersive grating pair showing the various parameters.



Chapter 4: Temporal Imaging 45

b/1° (4.18)
2 2rcc'd 2[l - (Alo/d - sin y)2 ]

where b is the slant distance AB between the gratings, co is the speed of light, and d is the

grating period. The relation between angles y and 0 for first-order diffraction is

sin(y'- 8) = Ao/d- sin y (4.19)

In practice, a single grating with retro-reflecting prism(s) is used in a 2-pass (grating-pair)

or 4-pass (two grating-pairs) configuration.

4.3 The Sinusoidal Modulator as a Time-lens

It is not practically possible to realize the true quadratic phase modulation needed

for an ideal time-lens. However, the required modulation can be approximated by a

portion of a sinusoidal phase modulation. Near any extremum of the sinusoid, the

modulation is essentially quadratic. Consider a sinusoidal phase modulation with

frequency on and A radians of peak phase modulation (Fig. 4.4),

0(t) = Acos(o),nt) (4.20)

The corresponding quadratic approximation around t=0 is

2 22
(t) =A(l - ) (4.21)

2
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Positive lens
Frequency =

t

Negative lens

Figure 4.4 Time-lens approximated by portions of a sinusoidal phase modulation.

Comparing Eq. 4.21 with 4.12 gives the equivalent focal-time

fT = A(o2 (4.22)

Assuming the time-lens has an effective FWHM (intensity) aperture [4.5, 4.71 of

TA=I/o(m, the equivalent f-number is

fJ# =Tam = COO (4.23)
A(m

To calculate the resolution or minimum pulsewidth of the lens consider temporal focusing,

time analog of gaussian beam focusing, of an input gaussian pulse of width rp equal to

l/om. This pulse completely fills the lens and is focused to a minimum pulsewidth t&0. In

the usual convention, adopted in this thesis, pulsewidth is specified in intensity FWHM

and gaussian beam size by w (center to intensity lie2 ). Noting this difference, the formula

for focusing of gaussian beams [4.8] is easily adopted to the temporal case. This gives,
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ro = .77 (4.24)

As an example of a time-lens, consider a phase modulator with 10 radians of peak

modulation at 5 GHz operating at 1.06 min wavelength. The parameters of such a lens are

fT = 0.18 lgsec, ft = 5,670 and -To = 8.8 psec. Thus, for practically useful time-lenses,

large phase modulation is required at fairly high frequencies. Realizing these conditions in

practice is far from trivial, as will be discussed in the next chapter, where the design and

construction of a practical time-lens is presented.
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Chapter 5 Time-Lens

As discussed in the last chapter, a time-lens is simply a quadratic phase modulator

approximated by a portion of a sinusoidal phase modulator. For practically useful time-

lenses, considerable modulation is required at fairly high frequencies. The approach taken

here is to design a resonant microwave optical phase modulator in LiNbO 3 with multiple

passes, based on an off-axis path in a stable optical resonator. In this chapter, the theory,

design and construction of such a time-lens is presented. With 1 W of microwave power,

12 radians of phase modulation is obtained at 5.2 GHz and 1.06 .tm wavelength. This

corresponds to a time-lens with 31 psec aperture and 6.7 psec resolution [5.1, 5.2].

Increasing the drive power to 13 W, improved the resolution to 1.9 psec. It should be

noted that an optically resonant modulator is not a useful practical approach for time

lenses, partly because of its inability to accept pulses at varied repetition rates.

5.1 Resonant Microwave Optical Modulator

Resonant microwave modulators based on electro-optic crystal loaded microwave

49



Chapter 5: Time-Lens 50

waveguides have been known for some time [5.3-5.111. A modified design, presented

here, leads to simpler construction and coupling. The lowest order mode of a LiNbO 3-

loaded waveguide (Fig. 5.1) is TE 10, in which the electric field is parallel to the y-axis and

is almost uniform inside the crystal. With the c-axis of the LiNbO3 parallel to the y-axis,

phase modulation is obtained through the r33 electro-optic coefficient, for an optical beam

traveling down the axis (z-axis) of the guide. By properly choosing the guide dimensions

a and d, the phase velocity of the microwave mode is matched to that of the optical wave in

the crystal. This phase-matching condition permits operation with a sufficiently long

crystal to generate the required phase modulation. With the guide dimensions of Fig. 5.1,

the TE10 mode is cutoff in the unloaded guide. Unloaded sections of guide at both ends of

the crystal effectively confine the microwave resonance to the crystal-loaded region (Fig.

5.2). The optical beam traverses the resonator through the openings at both ends. The

length L of the crystal is chosen such that a round trip in the resonator gives p x 2n phase

shift (resonance condition), where p is an integer and gives the order of the resonance

(TE10p). An SMA launcher with its center conductor extended and almost touching the

bottom wall (Fig. 5.1), providing a capacitive short, forms an efficient loop coupler. The

position of the launcher is adjusted, through a slot on the top wall, to provide critical

coupling (50 fl). In the next few sub-sections, operation and performance of the

modulator is analyzed in detail.

5.1.1 Dielectric Loaded Waveguide

A general method of obtaining solutions to Maxwell's equations is to consider the

problem in terms of magnetic (A) and electric (,) vector potentials [5.12]. The relevant

set of equations, for a source-free region, is:
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y
Coupling

C-axis

b ~~iijjij.Metal
b

LiNbO3

d

a

Figure 5.1 Cross-section of LiNbO 3 loaded waveguide used for the resonator (Fig.
5.2).

Coupling 
LiNbO3I_. ....... Il l . /.......

b .'.. Light

Metal waveguide

Figure 5.2 Side-view of resonator showing cutoff guide sections on each side to
confine the energy and form a resonator. Light traverses the modulator
along the z-axis.
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V2A +k2•A 0
(5.1)

V2 i + k F= 0

f = -V P - jO)oA + V(V.A)

1 
(5.2)f=Vx A -jO)EoF'+. V( 1 9(P)

where k is the free-space propagation constant, k = O21 ouEo. The modes in the LiNbO 3-

loaded waveguide of Fig. 5.1 are appropriately classified as transverse electric (TEx) and

transverse magnetic (TMx) with respect to x [5.11, 5.121. With respect to the propagation

direction (z), these are hybrid modes containing in general both Ez and Hz. An attempt to

find TEz or TMz modes will prove unsuccessful, except for the TEZmO case which is the

same as TEXmo. The analysis here, using vector potentials, will be limited to the mode of

interest, TEIO (= TEx 10 = TEZIO). However, it is easily adaptable to other modes [5.11 ].

The TEx modes are expressed by the x-component of the electric ve,.Lr potential, i.e.

A = 0 and P = 1igi, where

V V, region I, x > 0(5.3)

V4'2, region 1I

with region II the LiNbO3 and region I the surrounding air (Fig. 5.1). The corresponding

field distribution is,

Ex=0, _ d (5.4)dz o =y



Chapter 5: Time-Lens 53

H,= I d2  0)2n= _ 1U (-jX2 + POE]20) V•

(5.5)

H= 1 2d I d VHy=jwplo dxdy' He=jwopo tgxdz

Now xV for the TE10 mode, satisfying the boundary condition at the conducting walls, is

chosen to be

{=c sinh kx1 (a/2 - x)exp(-jk.z) - -- I
c2 cos(kx2x)exp(-jkzz) --- II

where cl and c2 are unknown coefficients, kz is the propagation constant in the z direction,

and kxl and Ix2 are x-propagation constants in the two regions. This gives

k2 2 2 2 22 = 0)2p/0 0 + k. 1 = 0C /do2E0 - k22  (5.7)

Assuming isotropic dielectric behavior, £2 is the dielectric constant of LiNbO 3. This

assumption is only valid for TEno modes, where the E-field (as givexi below) only has a

component parallel to the c-axis of the LiNbO 3. The E and H fields are, from Eqs. 5.4 and

5.5,

E, = Ez = 0 (5.8)

E= Ijkzct sinhkxt(a/2 - x)exp(-jkz) --- I
ljkzc2 cos(kx2x)exp(-jkz,) --- II (5.9)

c2 f 1 sinh k,1 (a/2 - x)exp(-jkzz) --- I

H - -j0oL [c 2cos(k, 2 x)exp(-jkzz) --- II (5.10)
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HY =0

(5.11)

•.= k fkxic coshk., (a/2-x)exp(-jkzz) --- I
Hz kr 2C2 sin(k, 2 x)exp(-jkz) - -- II

Matching the fields, Ey and Hz at x=d/2, gives the following two equations:

cl sinhkxl(a/2 - d/2) = c2 cosk, 2 d/2 (5.12)

kl 1cl cosh kxt (a/2 - d/2) = kx2C2 sin k,2 d/2 (5.13)

Dividing Eq. 5.13 by 5.12,

kXI coth kj (a - d)/2 = kx2 tan k,2 d/2 (5.14)

The propagation constant kz is obtained by numerically solving Eqs. 5.7 and 5.14.

Assuming a peak electric field of unity, the constants cI and c2 follow from Eqs. 5.9 and

5.12.
= -jcos(k, 2 d/2)kZ sinh kx (a - d)/2

(5.15)

C2 = -j/kz

This completes the specification for the TE 0 mode in terms of propagation constant and

field distribution for a given set of parameters a, d, E2 and frequency (o. The dielectric
constant parallel to the c-axis of LiNbO3 Is F-2 = 28. To maximize the modulation,

especially with long crystals, it is essential to match the phase velocity of the microwave
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mode to that of the optical wave in the crystal. This phase-matching condition gives,

kz = ne wo/Co (5.16)

where co is the speed of light in vacuum and ne is the extra-ordinary index of LiNbO3. For

a given frequency, kz, kxi and kx2 are fixed by Eqs. 5.16 and 5.7. Thus, Eq. 5.14 simply

becomes a relation between a and d.

2 A)2 co
ýe2- I coth[ (a-d) e-ll £2- tan[- 2CoEle (5.17)

5.1.2 Resonator and Resonance Condition

To satisfy the phase-matching condition (Eq. 5.16) the TElO mode of the

microwave resonator formed from the LiNbO3-loaded waveguide, described in Sec.

5.1.1, must operate only slightly above cutoff. Thus, without the LiNbO3 loading, the

guide is cutoff for all modes. Therefore, unloaded sections of guide can be used at both

ends to effectively confine the microwave energy to the crystal-loaded region (Fig. 5.2),

forming a microwave resonator. The field attenuation coefficient for a cutoff TElO mode in

these empty sections is [5.131,

7'• - ca2o (5.18)

a _cIOOX

How much cutoff guide length (Lc) is required on each side ? This can be estimated by

considering radiative losses (Pr) from the two open ends following the cutoff sections.

The Q limited by radiative losses (Qr = o)WoIPr) should be, say, 10,O(W. The energy
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stored in the resonator is, W0 - £2&oE2o V/2, where E0 is the field inside the crystal and V

is the volume of the crystal. The radiated power is, P, - abE• exp(-2 'L.)/lro, where rlo

is the free-space impedance. Using these estimates in the definition of Qr, gives an upper

estimate of Lc.

SlIn( 2acoQr (5.19)

where L is the length of the LiNbO 3 crystal and Qr is say 10,000.

The length L of the crystal is chosen such that a round trip in the resonator (Fig.

5.2) gives a p x 2n phase shift, where p is an integer and gives the order of the

resonance. This is known as the resonance condition and the corresponding resonant

mode is labeled as TEl0p. There is an additional phase shift associated with the

discontinuity (z=0, L) between the LiNbO3-loaded and the cutoff guide. Precisely

speaking, the situation at the discontinuity is very complicated because many cutoff modes

are excited to match the fields. However, assuming only a TE10 mode on each side, gives

a simple solution here. A standing wave with a certain phase (p exists in the LiNbO 3-

loaded region with exponential tails in the cutoff sections. On the two sides of the

discontinuity at z=0, the field may be written as

SEL cos(kzz - (p), z > 0
Ey={E expA j), z•< 0 (5.20)

where k, and y are given by Eqs. 5.7 and 5.18 respectively and -p is one-half the

reflection phase shift at the discontinuity. Matching the field and its derivative at z=0,

gives:
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Ec = EL cos p (5.21)

yEc = kzEL sin (p

Dividing the lower equation by the upper gives

(p = tan-'(y/kz) (5.22)

Note that qp is always positive. This leads to the following resonance condition:

kL-2(o+kL-2op=2k L-4op=px2jr (5.23)

or in terms of choosing L for a modulator operating at some frequency o) in the TEI0p

resonance,

L = p=0,1,2,3 ..... (5.24)

Note that TEl00 is a perfectly acceptable resonant mode.

5.1.3 Ohmic Loss Q

The unloaded Q limited by ohmic losses in the metal walls, QR, is now calculated

for the resonator described above. The procedure is simiar to that described in section

2.3.2.
QR = (OW° (5.25)

PR

where W0 is the energy stored in the resonator and PR is the resistive power dissipated in
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the metal walls. To simplify the analysis, ignore end effects in the resonator (Sec. 5.1.2)

or, equivalently, assume L is very large. Consider the stored energy when it is entirely

electric in form.

WO = IfI IE 12 dV (5.26)

WO = Woc + WOA (5.27)

where W0C and WOA are the energies stored in the crystal and the surrounding air

respectively. Using Eqs. 5.9 and 5.15, leads to

Woc =--bLdO(1+ sinkx2d (5.28)
8 k, 2d

WOA E0 bL cos (kx2 d/2) [sinhkxl(a- d)- k,,(a-d)] (5.29)
8 kx- sinh 2 k, (a- d)/2

The fraction of the electrical energy stored in the crystal is

a = Woc/Wo (5.30)

The surface current density on the metal walls is equal to the tangential magnetic field at

the surface. This leads to a surface integral for dissipated power [5.141,

RPR =-• f• Hs IdS (5.31)
S

where Rs is the surface resistivity of the metal wall. Using Eqs. 5.10, 5.11 and 5. 15 and
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much algebra, Eq. 5.31 is reduced to

PR + C s2 k,2ad)I2[ k z+x+ sinhkxl(a-d)-
o) loIsinh kxl (a -d)/2 2 4kxj

0)2po°•° (a -d)] +dco 2/,o'2EO dsinkx2d1(k2-k22)
4 4 4 k- 2d x (5.32)

Substituting Eqs. 5.28, 5.29 and 5.32 into Eq. 5.25, gives the Q due to ohmic losses

(QR). Microwave dielectric loss in LiNbO3 is characterized by the material Q (Qn, Sec.

2.5). For a (Eq. 5.30) very close to unity, the usual case, the combined effect of these

two losses gives

IlQio = IlQR + I/Qm (5.33)

5.1.4 Analysis of Optical Modulation

If the electric field inside the crystal is assumed to be uniform in the transverse

plane, the modulation field is given as (Eq. 5.20)

Ey(zt) = ELcos(kzz - (p)cos oxt, 0:< z < L (5.34)

The optical phase modulation 0 is calculated by following a thin cross-section of the light

beam, polarized along the y-axis, which enters the crystal at time to from the left. This

section is represented by the 8 function: 3(t-to - zne/Co). The incremental phase shift

(do) over a small incremental distance dz is then

do = 2_ - t)dz (5.35)"0An 0 ,.
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where X0 is the optical wavelength and the change in index Ane(z,t) is given by Eq. 2.6.

The total phase modulation for a single pass is

L L tf + ne L/c.

= ner33 f E (Jz,Et) 6(t - to - z ne /co)dtdz (5.36)
o to

where r33 is an electro-optic coefficient. Substituting Eq. 5.34 into Eq. 5.36 gives

Irn,3 r3 3L

€(to)= r,ýr ELcos(k~z- 4)cosoo(t 0 +zn,/CO)dz (5.37)
0

or

3 [L L
_ r3 3 EL f w( lz I+

-0) = -e cos(oato + +kosedZ++ + -JCdt+ kzz + ()dz22 0 0o CooC

(5.38)

Introducing the two new parameters

u+= -)'L•ne + .k (5,39)

U-- -" =-- e _ z( . 0

converts Eq. 5.38 to

3n~r33EL L2u+ ). ( 2u
=cos(oto - (p + + L 'o"J (5.41)2(t° I L2 f L541
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and

ONt)=-7n 33ELL l_/-'- cos(wtO - T+u )+ sin U cos(too + P + u-) (5.42)
2A0  LU+ u_

For kzL >> 1 and close to phase-matched operation, u+ >> 1 and u - is close to zero. The

first term in Eq. 5.42 can then be neglected, giving

ONo) -_ 7n,3r33ELL sinu- cos(Oto + (p+u-) (5.43)

for the exit modulation of a light beam entering from the left at to. It can be shown

similarly that for a light beam entering the crystal from the right at to, the exit modulation is

c0,(t0 ) =rner33ELL sinu-cos(oto - T-u- + tn L) (5.44)2 Ao U- Co

Now the field EL is related to the microwave power (P) delivered to the resonator and the

unloaded Q (Qo). From the energy definition of Qo, it follows that

WO = PQ/wO (5.45)

where W0 is the energy stored in the resonator. Assuming that the electric field inside the

crystal is uniform in the transverse plane, WO is evaluated when it is entirely electric in

form by using Eq. 5.34. This yields

W 2= o a i EL2 cos2 (kzz - p)dz (5.46)
0
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where a. the fraction of the electrical energy stored in the crystal, is given by Eq. 5.30 and

is almost unity in practice. Combining Eq. 5.46 with Eq. 5.24 gives

W =e2eobdE E[L [ +in 2(5.
4a kz

Equations 5.47, 5.45 and 5.43 give the final result for peak phase modulation,

Aner33  UPQ4  Lsinu (5.48)

= -oe2eobd[L+sin(2q9)/kz] u-

5.2 Multipass Modulator using Off-axis Optical Resonator

An off-axis beam in a stable optical resonator reflects back and forth, creating in

general an elliptical pattern of spots on the spherical mirrors [5.15, 5.16]. The beam size is

maintained indefinitely upon reflections if the input beam is matched to the resonator

eigenmode. In effect, for the right beam size, the focusing power of the resonator exactly

compensates the diffraction effect for each round trip. This idea has been used to create a

multipass Raman gain cell [5.17, 5.18]. In this -,ection, this concept is extended to create a

multipass optical path through the modulator described in Sec. 5.1.

Consider a resonator made-up of a flat mirror and a spherical concave mirror, as

shown in Fig. 5.3. A ray is introduced into the resonator in the plane of the flat mirror at
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T Radius = R
Flat (Yn, Yn)
mirror

-------- 5-- Optic axis
....... ..........---- --------------- ----

z

(yn+l Yn+l)

Figure 5.3 An off-axis path in a stable optical resonator. The orthogonal dimension x
is not shown in the figure.

position (xo, yo) in the xy plane with slopes x0' and yo' in the two directions with respect

to z. The x and y coordinates of the ray in the plane of the flat mirror on the nth round trip

are given within the paraxial approximation as [5.17],

x, = x0 cosn + 1-(R- l)x sinn0 (5.49)

y, = y 0 cosn0 + ý(R- I)y; sin n0 (5.50)

where I is the length of the resonator, R is the radius of the curved mirror and 0 is the

angle between successive reflected spots [5.171,

6 = cos-' (1 - 21/R) (5.51)

The waist size of the resonator eigen-mode at the flat mirror is
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wo = -•[I(R- l)11/4 (5.52)

From Eqs. 5.49 and 5.50, it follows that the successive reflected spots on the flat mirror,

in general, lie on an ellipse. However if xo = x6 = 0, then x,, = 0 and the reflected spots

move up and down on a straight line in the y-direction. Equation 5.50 can be alternatively

written in phasor form as,

y, = Ysin(nG+p) (5.53)

where Y = Vy2 + I(R- l)yO2

p = tan- 1  V YO 
(5.54)

yo 1(R -1)

Thus Yn is simply the projection on the imaginary axis of a phasor of amplitude Y starting

at angle p atid rotating by 0 for each round trip.

The complete configuration for a mutipass modulator is shown in Fig. 5.4. The

beam, mode matched to the optical resonator eigen-mode (Eq. 5.52), clears the top of the

flat mirror and enters the modulator from the left. The beam reflects back and forth

between the two mirrors, walks down the y-direction and back up again, finally leaving

again at its point of entry. A circulator may be used to separate the exiting beam. The

spacings, dl and d2, between the modulator and the mirrors are properly adjusted to

provide constructive modulation between the passes. Comparing Figs. 5.3 and 5.4 shows

that the effective length of the resonator is
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Coupling LiNbO3 ix >,3
light f)0 i -

dl L P /HRHR

Metal waveguide

Figure 5.4 Side-view of multipass modulator. HR = highly reflecting.

1= d, + d 2 +2Lc+L/fl (5.55)

The following condition is imposed by Eq. 5.53 if N round trips are obtained.

YN Yo (5.56)

=ý sin(NO + p) = sin p

The above is satisfied if NO + p = 7r - p. Hence p is given as

Now the design equations of this section are combined with the modulator design of Sec.

5. 1. It is known that an aperture of 4.6w0 (4.6 x waist size) for gaussian beams produces

less than 1% diffraction ripple [5.191. This rule is used for choosing the width d of the

LiNbO3 crystal and the beam clearance at the top of the flat mirror.



Chapter 5: Time-Lens 66

d = 4.6wo (5.58)

Yo - y, = YOcosp = 4.6wo (5.59)

where wo is given by Eq. 5.52. The total excursion of the beam is Y- Yo = Y(l -sin p).

Thus, the height of the crystal is chosen as

b = Y(1 - sinp) + 4.6wo (5.60)

If dl and d2 are properly adjusted, the total multipass modulation is simply the single pass

modulation (Eq. 5.48) multiplied by the number of passes.

A = 2NO (5.61)

A good design should optimize all the parameters to maximize the total modulation A.

5.2.1 Multipass Synchronization

As discussed in the last section, dl and d2 have to be properly adjusted to provide

constructive modulation between all the passes. The proper values of dl and d2 are

calculated in this section. This is carried out in two steps, First d2 is calculated to provide

maximum modulation for one round trip. Then dl is calculated to synchronize the

modulation between all the round trips. Consider a cross-section of light which enters the

LiNbO 3 crystal from the left at time to. From Eq. 5.43, maximum phase is accumulated

for to = (-(p - u-)/o.. This cross-section of light after reflecting from the curved mirror

enters the crystal form the right at time t given by
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r=n eL+ 2 (L + d2) - (P+u-) (5.62)
CO CO t)

From Eq. 5.44, maximum phase is accumulated from the right if

coTr- 9 - u- + oneL/co = m2;r (5.63)

where m is an integer. Substituting Eq. 5 62 into 5.63 gives

d2 = CO(rnt + U- + no) -leL - Lc (5.64)

0)

The above is simplified further by using Eqs. 5.24 and 5.40.

d2= (r-p ( 2 -m L (5.65)

where km is the free space microwave wavelength, A.. = co / 21tro. This value of d2

ensures thaý the round-trip modulation is twice the single-pass modulation. A round trip

time around the optical resonator equal to an integer (M) multiple of the modulation period,

nrovides constructie modulation between all the round trips. This gives the second

synchronization condition.

d, + d2 = MA, /2 - nL - 2L, (5.66)

After satisfying both conditions, the total modulation is simply A=2NO as stated in Eq.

5.61.
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5.2.2 Modulator as Thermal Lens

In practice, for the design discussed in the next section, QR is much greater than

Qm. Therefore most of the microwave power is dissipated as heat in the LiNbO 3 crystal,

which is then mostly removed by conduction to the top and bottom metal walls (Fig. 5.1).

The heat dissipated by convection to the air around the crystal is negligible, unless cold air

is blown through the resonator. The heat conduction to the walls leads to a temperature

distribution and hence an index profile. This behaves like a lens in the y-direction and may

greatly disturb the mutipass scheme of Sec. 5.2. The focal length of this thermal lens is

calculated here to quantify the problem. Assume heat flow is limited to the y-dimension as

shown in Fig. 5.5. Applying energy conservation to a thin slice of LiNbO3, as depicted in

Fig. 5.5, in steady state gives

A, y
Flux = F(y+dy)

S . .Sink Heat produced
L b =Pdy/b 22d---d dy

LiNbO3 b t/t

Flux = F(y) o

nHeat /Sink

Figure 5.5 Analysis of heat conduction in the modulator,



Chapter 5: Time-Lens 69

P, dFdy(.7
F(y) + ±-dy = F(y + dy) = F(y)+-dy (5.67)

b dy

where P is the microwave power delivered to the modulator and F is the heat flux given

by,
F(y) = dT 

(5.68)
dy

T is the temperature and o" is the thermal conductivity of LiNbO 3. Combining the above

two equations leads to,

d2 T P (5.69)

dy 2 crLbd

d2n. dne d 2T Pdne/dT (5.70)

dy2  dT dy2  CaLbd

Optical phase • and thermal focal-length fth are related by

0 = 2frne L/1O (5.71)

a 2_. =2._Ld2  = 21 (5.72)

dy2  A0 dY2  o fth

Combining Eqs. 5.70 and 5.72, leads to the final result,

= abd (573)
Pdne/dT

where Y = 5.6 W/(m.K) and dn/dT = 4.3 x 10-5/K [5.20, 5.21].
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5.3 Design & Construction of Time-Lens

Based on the ideas and analyses presented in this chapter, a specific design of the

time-lens was carried out at 1.06 g.im wavelength. This was then constructed and

experimentally characterized both in the microwave and optical domains. The departures

from theory are pointed out. For this first attempt at making a time-lens, the emphasis was

on a workable design and not a thoroughly optimized one.

Keeping some practical constraints in mind and going through the design once, it

was quickly decided that the modulator frequency should be around 5 GHz. The largest

boule diameter for commercially grown LiNbO3 is three inches, and therefore L should be

about 7 cm. Equation 5.17 gives the relation between a and d for phase-matching at 5

GHz. This gives a = 0.95 cm and d = 0.225 cm. With L = 6.8 cm, the TEI04 resonance

is at f = 4.92 GHz with kz = 2.13 cm" 1, (p = 0.974 radians, u- = 0.29 and sin(u')/u" =

0.985. Cutoff guide length on each side is Lc = 1.25 cm. Optimum values of dl and d2

are dl = d2 = 0.61 cm. The waist size of the eigen-mode should be wo = d/4.6 = 0.49

mm. This gives the radius of the curved mirror, which is rounded-off to R = 700 cm. The

corresponding 0 = 0.2 radians and the height of the crystal is chosen as b = 1.15 cm (Eq.

5.60). The Q limited by ohmic losses is QR = 5900 and the fraction of the electrical energy

stored in the crystal is a = 0.97. From Chapter 2, the estimated value of Qm (material Q)

at 5 GHz is about 4000, and thus a Qo of about 2400 is expected. For 1 W of microwave

power, ý = 0.76 radians is given by Eq. 5.48. The number of round trips that will fit

inside the crystal is about N = 13. Thus the expected total multipass modulation is A =

19.8 radians. The LiNbO3 crystal was slightly wedged between the input and output faces

to eliminate spurious reflections. The metal waveguide was constructed from two different
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pieces. The bottom and the two side-walls were machined out of one aluminum piece. The

top plate, as a separate piece, comes down between the side-walls and is held in place by

eight screws on each side. Both pieces were plated with 2.5 4m of gold. The construction

is carefully done to minimize the contact resistance between the two pieces. This is an

important consideration. Poor contact can severely affect the Q of the resonator. The

assembly is carried out by first placing the LiNbO 3 crystal in the buttum piece and holding

it in position by two small dabs of Krazy glue. Any extra glue will noticeably lower the Q.

The top plate is lowered in and while some pressure is applied, the eight screws are

tightened from each side. An SMA launcher is introduced into the resonator through the

top plate (Figs. 5.1, 5.2). Its center conductor is extended to almost touch the bottom wall

of the resonator. This provides a capacitive short and effectively forms a loop coupler. The

area of the loop, hence coupling, is adjusted by moving the x-position of the launcher in a

slot in the top plate. Usually the z-position of the loop is chosen at a place of maximum

Hz. After the modulator is assembled, microwave characterization is carried out as

discussed in the next section.

5.3.1 Modulator Characterization

The SI parameter of the modulator is measured on a network analyzer [5.22] and

is shown in Fig. 5.6. All the various observed resonances could not at first be clearly

identified and there was some uncertainty even about the desired TE104 resonance. An

interesting technique based on perturbation methods is used to identify the different

resonances. It can be shown very elegantly 15.231 that the shift in the resonant frequency

(0oO) of a cavity resonant mode (Eo,Ho) when the surface of the cavity is perturbed

(deformed) at one place by a small volume AV, is given by
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3.0 dB/
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CENTER S.2000030 G442
SPAN 1.60CC00868 GHZ

Figure 5.6 Sj1 of modulator as measured on a network analyzer. The first seven
resonances are labeled by letters A-G. For this measurement, resonance A
is not noticeably excited because of weak coupling.
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A, = ro- o - '-(plHot - iEo)AV 5.74
4W0

where WO is the energy stored in the resonant mode and JH0o and jEol are the magnitudes

of the magnetic and electric fields respectively in the perturbed region AV. A stainless-steel

ball bearing of 1.5 mm diameter is glued to a thread and slid along the length of the

resonator by one of the side-walls. The ball represents the small perturbation AV. The

change in resonant frequency of various resonances is measured as a function of the z-

position of the ball along the length of the resonator. This is proportional to 1HZ.2 for

TE10p modes because all other fields are zero at the side-walls. Seven resonances are

identified in Fig. 5.6 by letters A-G. The measured change in resonant frequency of these

resonances as a function of the ball position is shown in Figs. 5.7a and 5.7b. It is clear

from this measurement that resonances A, B, C, D and G correspond to resonant modes

TEl00, TEl01, TEl02, TE103 and TE10 5 respectively. Both the resonances E and F have

five humps in their profile. This is very surprising because there is only one TEl04 mode

and therefore both resonances can not be accounted for. This mystery was finally resolved

when optical modulation measurements were made, as discussed next.

The modulator was driven with a microwave synthesizer and a solid state

amplifier. About 1 W of power was delivered. Phase modulation is measured (Sec. 2.4)

by observing the sidebands produced on a single-frequency laser, using a scanning Fabry-

Perot cavity as an optical spectrum analyzer. Single-pass modulation was measured on

resonance for the resonances E and F as a function of the beam position y in the crystal.

For a pure TEl0 mode, there should be no variation with respect to y. The measured

results are shown in Fig. 5.8. The large modulation variation with y proves that neither of

them is a pure TE104 resonance. This led to investigating the possibility of
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Figure 5.7b Change in resonant frequency as a function of the ball position for
resonances E, F and G.
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Figure 5.8 Modulation as a function of the beam position y for the two resonances E
and F. Microwave power = I W.

mixed modes [5.24]. If there is a resonant mode not far in frequency from the TE1 04

mode, then for sufficient coupling between the two, significant mode-mixing is possible.

Thus the rescnant fr:k*_q-ncies of soc other faili,-s of modes is now approximately

calculated [5.11]. The cutoff frequencies of some other waveguide modes are: TMx0 1 =

9.9 GHz, TExl = 5.31 GHz, TEXI2 = 7.55 GHz, and TEx20 = 13.5 GHz. The resonant

frequency of the TEx 1 0O mode is about 5.33 GHz. The actual frequency of this trode will

be lower because the z-component of the electric field increases the effective dielectric

constant from 28. Therefore, it is most likely that the TEX110 mode is close enough to the

TE1 04 mode that the resultant mixed-modes (TEXl 10 + KcTE104, icTEX110 - TE104 ) are

indeed resonances E and F, where Kc is a mode-mixing coefficient. This conclusion also

qualitatively predicts the results of Figs. 5.7b and 5.8. From Fig. 5.6, resonances E and F
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are at 5.12 GHz and 5.194 GHz respectively. The unloaded Q (QO) of both resonances

was measured, using the procedure described in Sec. 2.4, to be about 1900. This is not

far from the expected value of 2400 as discussed earlier. It was realized that resonance F

was more uniform and reproducible, and hence was used for the multipass modulator. In

retrospect, the mode-mixing problem could have been avoided by choosing the guide

dimensions more carefully.

5.3.2 Microwave Resonator Frequency Tuner

Applications of the time-lens, as discussed in the next chapter, require a frequency

tuning of the resonance over a range of about 80 MHz. In addition, the tuner should be

low loss. Thus, it was decided to implement a dielectric tuner as shown in Fig. 5.9. A 0.2

cm thick, 1 cm diameter LiNbO3 disk was used as a dielectric perturbation and is moved

inside the resonator via a nylon screw. The z-position of the tuner was chosen at a place of

maximum E-field, which in the present case is the center of the resonator. By turning the

screw clockwise, the disk could be moved closer to the LiNbO 3 crystal, causing more

x

LiNbO3 Metal waveguide

z

Nylon LiNbO3 disk
Screw

Figure 5.9 Resonator with the top removed showing the tuner.
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perturbation of the ele.t,ic field of the resonaot mode, and hence changing the resonant

frequency. A t,.iog range of about 100 MHz was obtained for resonance F, without

compromising Q0.

5.4 Measurement of Multipass Modulator

The multipass modulator (Fig. 5.4) is implemented using an off-axis optical

resonator as discussed in Sec. 5.2. A 1.06 ýtm Nd:YAG laser entered the multipass

modulator after mode-matching with one or two lenses. The mode-size was measured by

the rotating razor-blade technique [5.25], and the modulated return beam was separated

using a Faraday circulator. Multipassing was observed through an IR viewer as the input

beam position, angle, and the mirror angles were adjusted. The spacings, d l and d2.

between the modulator and the mirrors were properly chosen and then adjusted to

maximize the modulation. Approximately, d l = 0.2 cm and d2 = 2.9 cm. The modulation

was measured by looking at the spectrum through a scanning Fabry-Perot cavity. For

phase modulation A at frequency (o, the sidebands produced on the optical carrier coo are

given by,

expj(co0 t 4- Asinaxt) = JJq(A)expj(o + qwo)t (5.75)
q=--.

where q is an integer and Jq is the qth order Bessel function. For I W of microwave power

at 5.2 GHz, measured phase modulation as a function of detuning in d2 is shown in Fig.

5.10. It can be shown that zero modulation is obtained for a certain detuning in d2 (AdO).

This corresponds to the situation where modulation accumulated in the first N/2 round-

trips is exactly canceled in the other half. It can be easily shown that such detuning is

given by,
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Ad• = 1m,2N (5.76)

This is a useful expiession for inferring N from Fig. 5.10. Thus N = 12.

12

10

8

C Cz 6

4

2

0

-2 1 t .S

-3 -2 -1 0 1 2 3

Ad2 (mm)

Figure 5.10 Measured mutipass modulation as a function of detuning in d2, for I W of
cw power at 5.2 GHz.

The measured spectrum [5.26] of the modulated light is shown in Fig. 5.11. The

spacing between the two peaks in the spectrum is 2A1co. From this, A is inferred to be 13

radians. Now the modulator is driven with 13 W of microwave power, obtained from a

traveling wave tube amplifier. At this power level, the thermal-lens effect (Sec. 5.2.2)

disrupted the multipass scheme. Therefore the average power was reduced by duty cycling

at 10%. The corresponding spectrum is shown in Fig. 5.12, from which the peak

modulation is inferred to be 44 radians. The optical transmission through the multipass

modulator is about 50 % and the quality of the exiting beam visually looks very good.
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SPEC 1.063672ag 58 5 .2•W AVG: 10 RES:O.lng NOENAL
600. Oa1

300.0v .

60.Oj.W/0 a. .

0.0MW

1.064 pim 0. 1 nm/div

Figure 5.11 Meas ired spectrum of modulated light. RF power = I W cw.

SPEC 1.063960a 3..2661V AYG: 50 RES:0.1na RAPID
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A .. i. 1.8691W
pk 39
"X 15.00dl
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Figure 5.12 Measured spectrum of modulated light. RF power 13 W, 10% duty
cycle. The spikes in the spectrum are an anomaly of the measurement
setup, using a pulsed laser source and the sampling rate of the spectrum
analyzer.
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Chapter 6 Experiments with Time-Lens

Space-time duality and temporal imaging were discussed in Chapter 4, which led

to the concept of time-lenses. The theory, design and construction of a multipass

microwave modulator, as a time-lens, was presented in Chapter 5. Here, temporal

focusing with the time-lens is experimentally demonstrated. With I W of cw microwave

power at 5.2 GHz, 45 psec pulses at 1.06 prm were temporally focused to 6.7 psec

(FWHM). Increasing the drive power to 13 W, at 10% duty cycle, produced 1.9 psec

pulses [6.1, 6.2]. The aperture of the time-lens is about 31 psec.

6.1 Pulses from CW Light

As a first demonstration of the time-lens, pulses are created from cw light. A 1.06

prm single-frequency laser [6.3] is passed through the multipass modulator, followed by a

4-pass grating (1700 In/mm) dispersion [6.41, adjusted close to the focal-time of the time-

lens. Parts of the cw light, which fall within the positive time-lens part of the sinusoidal

modulation, are focused in time and create a pulse train. The grating dispersion is adjusted

to optimize the pulsewidth. This pulse train at 5.2 GHz, with some background light, is
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Figure 6.1 Pulses at 5.2 GHz, with some background light, as generated from a cw
optical input. RF power = I W.

shown in Fig. 6.1, as measured by a fast photodiode 16.51 on a microwave transition

analyzer [6.61. The measured pulsewidth of 20 psec (FWHM) is limited by the photodiode

response time. The actual pulsewidth is about 5.5 psec, as discussed next.

The electric field of the input cw light is Eo exp(j0,ot). After passing through the

modulator (A radians at frequency oLn) and the grating dispersion (Eq. 4.8, Sec. 4.1), the

output electric field is given by,

Eo(t- ro) = Lo exp j(Oot + 00 - oo ro)y) Jq(A)exp(jqOw.t)exp(-j q20)2 /2Pz)
q

(6.1)
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where 00 is a constant phase, to is the group delay, and g-"1 is the group delay dispersion.

The output intensity is given as,

I,(t) = E,(t)Eo(t)

2 (6.2)
IM(t) o l Jq(A)exp(jqo)mt)exp(-jq 2co•/2pu)

q

2

where i0 is the cw intensity. From Chapter 4, let = gOWo/frT -gAo), where g is a

parameter close to one and g=1 corresponds to the focal-time plane. Equation 6.2 is

numerically evaluated for A = 12 radians and Orn = 2n x 5.2 x 109 rad/sec, corresponding

to 1 W of microwave power. The parameter g is adjusted to maximize the peak intensity.

The resulting waveform, for g = 0.77, is shown in Fig. 6.2. After accounting for the

photodiode response time, this compares well with Fig. 6.1. Thus, the actual pulsewidth

obtained is about 5.5 psec.

6.2 Temporal Focusing

In the next experiment active pulse compression, or focusing in time of a pulse, is

demonstrated. The spatial analog of temporal focusing is well known. A beam passes

through a lens and is focused in the transverse spatial coordinates after propagating about

the focal-length of the lens. Forty-five psec (FWHM) gaussian pulses are available from a

mode-locked Nd:YAG laser at a repetition rate of 82.6 MHz. The modulator is driven at its

5.2 GHz resonance by the 63rd harmonic of the pulse repetition frequency, using an

external synthesizer phase-locked to the mode-locking synthesizer. The resonant-

frequency-tuner, described in Sec. 5.3.2, is adjusted to match the resonant frequency
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Figure 6.2 Theoretical calculation of pulses created from cw light. A 12 radians, (xre
= 2nt x 5.2 x 109 rad/sec, and g = 0.77. Output normalized with cw
intensity.

with the harmonic frequency. An adjustable microwave delay line is used to position the

pulses in the center of the positive time-lens. This is again followed by a 4-pass grating

dispersion adjusted to near the focal-time of the time-lens. Compressed (or focused)

pulses are observed on an autocorrelator [6.7] and optimized by adjusting the dispersion

and the microwave delay line. The autocorrelation trace obtained is shown in Fig. 6.3,

with a fit [6.8] to a 6.7 psec (FWHM) gaussian pulse, for I W of microwave power. The

incident pulsewidth (45 psec) is a little larger than the aperture of the time-lens (31 psec),

leaving slight wings on the compressed pulse. Next, the microwave drive power is

increased to 13 W at 10% duty cycle, using a traveling wave tube amplifier. The
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Figure 6.3 Autocorrelation trace of compressed rise with fit to a 6.7 psec (FWHM)
gaussian pulse. RF power I W cw.
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Figure 6.4 Autocorrelation trace of compressed pulse with fit to a 1.9 psec (FWHM)
gaussian pulse. RF power = 13 W, 10% duty cycle.
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dispersion after the time-lens is correspondingly reduced and optimized. The

autocorrelation trace of the corresponding pulse with a fit [6.8] to a 1.9 psec gaussian

pulse is shown in Fig. 6.4. Another application of this setup is the ability to tune the

optical frequency of a mode-locked laser. By adjusting the microwave delay line, pulses

can be positioned in the region of maximum positive or negative slope in the sinusoidal

modulation curve, and hence the optical frequency is up-shifted or down-shifted

respectively. This is experimentally demonstrated in Fig. 6.5, where a frequency shift of

+1- 60 GHz is obtained as expected.

If the aperture of the time-lens (i/1wn = 31 psec) is completely filled, then the

FWHM of the focused pulse, as discussed in Sec. 4.3, is given by ro = 2.77/A wo. For

1 W microwave power, A = 12 radians and hence -ro = 7 psec. At 13 W power, A = 43

radians and hence ro = 1.97 psec. This matches well with the experimental results, except

for the deviation from a gaussian pulse. With an ideal lens, a gaussian is always focused

to a gaussian. The incident pulsewidth of 45 psec is little larger than the defined aperture

of the time-lens. This overfilling of the lens causes aberration and therefore the focused

pulse deviates from a true gaussian. This can be analyzed numerically using ideas and

equations from Chapter 4. The field distribution of a gaussian pulse of intensity FWHM 'mp

is given by

Ei (t) = exp[- 1.38 (q rP)2 ] (6.3)

After passing through the sinusoidal modulator and the dispersion g-1, the electric field of

the focuised pulse is given as
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E/(t) f2 Ei(t')exp(jAcoso)mt')exp[j -(t- t') 2Jdt" (6.4)
2;r~ 2

The intensity If(t) of the focused pulse is simply the absolute-square of the electric field.

The autocorrelation of the pulse is calculated as,

IAC(t)W =f If (r)If(r + t)dr (6.5)

Again let p = gAow., where g is a parameter close to one. Eqs. 6.3-6.5 are numerically

evaluated and the parameter g is adjusted to maximize the peak intensity. The results for 1

W and 13 W power are shown in Figs. 6.6 and 6.7 respectively. The calculated

autocorrelation traces agree well with measured ones.
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Figure 6.6 Comparison of measured and theoretically calculated autocorrelation traces.

RF power = 1W, A = 12 radians, g 0.88 and Tp = 45 psec.
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Figure 6.7 Comparison of measured and theoretically calculated autocorrelation traces.
RF power = 13 W, A = 43 radians, g = 0.91 and Tp = 45 psec.
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Chapter 7 Summary & Future Directions

Dielectric resonators made from electro-optic crystals have been developed as

microwave bulk-optic modulators. This device is called a DROM (dielectric resonator/

optical modulator). A 20 GHz DROM in LiNbO 3 was demonstrated with 0.1 radian of

phase modulation at 1.06 gm wavelength for 25 dBm of microwave power. The

modulator was developed for harmonic mode-locking of a diode-pumped Nd:BEL laser.

The laser cavity axial frequency was about 238 MHz and the DROM was operated on

resonance at the 84th harmonic of that, about 20 GHz. Depending on the DROM drive

frequency, two distinct regimes of mode-locking were observed: (1) 2.9 psec pulses at a

repetition-rate of 238 MHz, (2) 3.9 psec pulses at a repetition-rate of 20 GHz. These are

the shortest pulses yet reported for active mode-locking of a Nd laser. With 660 mW of

diode pump incident on the BEL rod, about 50 mW average output power was obtained at

1.07 p.m wavelength. The DROM design presented in Chapter 2 can be easily scaled for 5-

50 GHz operation. In addition, by simply choosing an orthogonal orientation of the c-axis

of the LiNbO3, the same design produces intensity modulation at twice the drive frequency

in a single-mode optical system. Thus, with the ideas presented in Chapters 2 and 3. a

solid-state laser can be actively mode-locked in the 100 MHz to 100 GHz regime.

94
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Furthermore, this mode-locker can be applied to other laser materials, particularly ones

with large gain bandwidths such as Ti:saphire and Nd:glass.

In the second half of the thesis, space-time duality was discussed leading to the

concept of temporal imaging. The well known analogy between Fresnel diffraction and

first order temporal dispersion was recently extended to introuce the idea of a time-lens as

a dual of a spatial lens (regular lens). The time-lens is simply a quadratic optical phase

modulator in time, which was approximated by a portion of a sinusoidal phase modulator.

Thus, by using phase modulators as lenses and grating pairs as dispersive elements,

complete temporal imaging systems can be constructed in exact duality with spatial

imaging systems. However, for practically useful time-lenses, considerable modulation is

required at fairly high frequencies. This was addressed in Chapter 5 where a resonant

microwave modulator was developed based on a LiNbO 3 loaded waveguide. Multiple

passes were obtained through the modulator using an off-axis path in a stable optical

resonator. At 5.2 GHz operation, 44 radians of phase modulation was obtained at 1.06

pm wavelength for 13 W of microwave power. This corresponds to a time-lens with 31

psec aperture and 1.9 psec resolution. This was confirmed by demonstrating temporal

focusing of 45 psec pulses to 1.9 psec, as presented in Chapter 6. By optimizing the

design of the time-lens and better thermal engineering, it may be possible to obtain

picosecond or sub-picosecond resolution. An attractive feature of temporal focusing is the

suppression of timing jitter in the input pulse train. This can be easily understood by

considering the space analog of timing jitter. The focused spot does not move by

transversely displacing the input beam. This suppression of timing jitter needs to be

experimentally characterized.
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Figure 7.1 Block diagram of a system using temporal focusing to produce picosecond
optical pulses at adjustable repetition ratcs.

The idea of temporal imaging and the technology of time-lenses, presented here,
offer many exciting practical applications. A complete system can be engineered around

temporal focusing to produce picosecond, and perhaps sub-picosecond, optical pulses, in a

clean stable way with adjustable repetition rates. A block diagram of such a system is

shown in Fig. 7. 1. The integrated optica; modulator should be fast enough to chop slices

of light of less than 50 psec: duration. These slices are temporally focused with a time-lens

and then amplified optically to boost the average power. The pulse repetition rate fR can

adjusted continuously between DC and the maximum frequency-tuning of the resonator.

Beyond that, fR can only be adjusted discretely to a sub-harmonic of the microwave

resonator frequency. This kind of a system can be very useful in test equipment for soliton

communication systems. Another very interesting application of temporal imaging is time-
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microscopy of fast optical events. The fastest commercially available photodiode and

oscilloscope give a combined time response of about 15 psec. This can be extended to

picosecond or less by combining with, as an example, a 30X temporal imaging system

built around a picosecond or sub-picosecond resolution time-lens. This approach as an

instrument can perhaps replace streak cameras. Imaging with one lens always produces an

inverted image. In the time-domain this corresponds to time-reversal, which may have

many applications in optical signal processing.


